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A series of 16 tests ha:lﬂﬁ' conducted at the Naval Weapons Center
involving the epill and ignition of liquefied natural gas (INC) on water.
Two kinds of fires have been studied; namely, pool tires and vapor cloud
fires. The principal objective of the testa was to measure the thermal
characteristics.

The quantities of spilled LNG varied between 3 and 5.5 m with spill
durations from 30 to 250 s. Thermal radiation from the fires was measurad
using wide-angle and narrov-argle radiometers and a spectrometer. The data
from the tests have been analyzed for pool spread, liquid regressioh rate,
flame hatgh'u. thermal radiative output and ING fire -pectra.//nbdclt use-
ful for evalusting LNG fire hazards are indicated. 7 =

Mean flame emissive power mpasuged 1is avout 210 kU/m and estimated
flams tempaatuve is 1500 K. COz, H30, and soot appear to be the principal
radiating sgecies. Vapor cloud burning was close to the ground vith a
propagating plume fire. The velocity of propegation was & function of the
vind spaed. A peculiar fire halting Pehuvior noticed is diacuesed.

V. ReeSwh pool fire, vapor fire, 0. Dunibonen brerement
thetwal radiation, fire spectrum, Document is available to the public
flame height, emlasive power through the National Technical

Information Service, Springfieid,

Virginia 22161,
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EXECUTIVE SUMMARY

INTRODUCTION

The United States Coast Guard has atatutory responsibility for regu-
lating the marine transportation of hazardous chamicals, including lique-
fied natural gas (LNG). LING 1is transported by ship as a very cold liquid
(110 K) at just slightly above atmospheric preasure. If it is spilied
from its vell-insulated container, it will boil rapidly and producs nztural
gas vapors vhich are composed primarily of msthane, Soms ethana, propane,
and othar compounds may aleo be found in LNG. The vapors are flasmable
betweaen 5% and 15% volume concentraticns when miyvey with air. Wicth the
current start-up of tvo new LNG import terminals and pending plans for
additional import projects, there is an increasing need for regulatory and
acc{dent-rasponse parsonnal to understand the hazardous consequences that
might be apsocisted with marine epill accidents.

in the past, exparimental programs involving LNG spills and fires on
iund have been conductad in the Y. S. and shroed. Further, a series of
ING apill tests vas conducted on wvater to study flammsble vapor dispersion
in the absence of ignition. The information obtained from these tests,
couplad with thaoretical models, had been used to develop techniques for
predicting the hszard zones surrounding LNG fires on water. However, thease
predictions were without experimsntal verification prior to the test pro-
gram described in this report.

To provide axperimental verification and additional information, the
U. $. Coast Guard requeated the U. S. Navy at the Naval Weapuna Csutst (Muc)
China Lake, California, to perform field experiments involving LNG spille
and fires on wvater. Additional tests under a 2nd phase progras were fundad
by the Department of Energy under interagency agreament ER-77-A~28-3248.
These tests were performad between Septembar 1976 and June 1978, Axthur
D. Little, Inc. (ADL) staff, under contract to the U. 5. Navy, orovided
consulting services to the NWC during the experimental progrsm and aleo

performed the analysis of the experimental results. This report describes

the details of the test program, the erperimental data, and the findinge.
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THE EXPEKIMENTAL PROGRAM

The test facility at the Naval Weapons Center consists of an exccvated
pond located in the midst of a fairly flat desert terrain., The pond is about

50 m x 50 m with a 1 m depth. Quantities of LNG in the 3-5 m3 Tange were

spilled at rapid but controlied rates through a pipe onto the center of the
pond. In "pool fire" tests, an igniter was activated near the apill point

as socn aa LNC hit the water surface. This produced nearly immediste igni-
tion and resulted in an initially expanding, burning pool of LNG with a tall-
fire plume above. In "vapor fire" tests, the LNGC was spliled ard allowed

to vaporize ~roducing a cloud of gas that was carried downwind. When the
vapors reached a point about 70 m downwind, flaming 1gnitere at that dia-

tance were activated. The resulting fire burned back toward the spill

T

point, burned for a significant duration of time at the edge of the pond,

and finally burned back to the apill point after liquid flow had ceased,
Three tests of an {ntermediate type, termed "delayed ignition pool fires" é_
vere also run. In thewe tests, a vaper cloud was allowed to form in the
vicinity of the spill pool before the igniter was activated. The early
stages of these (uvsis Tesembled 3 vaper fire but ponl fire behavior was

quickly established thereafter.

The instrumentation for gathering the data during the experiments
included narrow- and wide-angle radiometers to measure the emissive power
of specific parts of the flame and the overall emigsive power; movies to

} show the visible flame Jdimensions aod behavior; apectrometer (1 puol fire

test ~nly) to studv the wave leagth distri{bution of eunergy radiated by the

fire; and information {rom gas sensors, weather inetrumentation, thermo-

couples, and spill equipment monitoring and contrel instrumeniation. In

two tests, wooden stakes were arraved iradlally at differert locations from

the spill point to allow the effects of the radiation on wood to be eval- i

uated qualitatively. The conduct of field experiments is quite ALfficule,

especially when sensitive instrumentation must be used. 1In the first s |

neries of tests, a number of instrument problems occurred; a subsequent

series of tests was performed with most of these early problems corrected.




FINDINGS: Pool Fire Experiments

Bused on theory and information for LNG fircs on land, prior to this
program LNG pool fires gn vater were axpected to sproad and vupsrize at a
rate equivalent to a decrsasce io liquid level of a confined yuol of about
6 x 10~A u/s ("regression rate”). This vete {s consistenr with wost of the
experimental regression rates for the spill teste in this progras. These
rates vers deduced from the fire diameter observed in movie records after
the fire stabili-ed. Howaver, for the two fastest spi. s (3 -3 in about
10 seconds and -3 in about %0 meconds), vaporization rates sesmmad to
increasa by about 501. We believe that thia {s probably due to the rapid
interaction between the jet and the water which produces fragmantation and
incceased heat transfer area. This effect, {f it should occur in an
acclident, wvould tend to produce a smsller diameter, hut taller fira. The

toral radisting ares, however, would be reduced.

The wovie films alsoc provided data on visible flame height. We found
that theae heights could be well correlated using a relationahfp known as
Thomes' aquation which relates flame length to s parameter invoaving pool

diamster and fuel vaporization rate.

Narrow-angle radiometer data from the pool fire tests indicated flama
enissive povers near the flame bane in the 212 + 20 k“/lz range, Wide~
angle data, which are subject to more uncercainty, indiceted the aversge
enipsive pover of the antire flume surface to be about 210 + 47 w/ml,
(These valuss obtsined from LNG pool fires on water are higher than those

weanurad in earlfer AGA experiments of LNG pocl fires on land.)

ined in che one test vhere a spectromater was

~ oo dae
HE we

Geevar, t ta ohe

H
used to analyze the flame emissions, provide substantial insight into the
behavior of LNG firea. In the cosbustion cf LNG (primarily sathane),
vater and carbor dioxide are formed as products of cosbustion. Purther,
fncomplate combusticn results in the formation of some luminous soot. Soms
unburned gases or carbon monoxide aay aleo bs present. While the moot
behaves essentially as a "grey amitter' with rsdiant emission continuously
dlstributed over the aentire infrared spectral range, the wvater and carbon
dioxide emit energy at a sevies of discrete bands centered at specific wave
lengths. As this energy io transmitted through the atmosphere, vater vapor

0-3
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and carbon dioxide in the ambient atmosphere ave effective at absorbing

rediation in these same bands.

From the limited spectral data, we estimate that the soot is radiating
at a temperature of about 1500 K and that water vapor and carbon dioxide
in the fire plume exist at concentrations corresponding to burning with no
excass air. The fires in these tests were typically up te 15 m in diam-
eter and thus were not "optically thick'" over the entire infrared wave-
length range. An optically thick LNG fire at 1500 X would have a surface
enissive power of about 287 kH/mz. Vhen corrections are made to account
for the limired thickness of the test fires, the spectral flame wodel gives
an cquivalent average cmisvive powey of about 210 kW/u2 which 1s in good

agreement with the narrow-angle radiometer data.

Several tests conducted in wind showed flame tilt angles aimilar to
these that would be predicted by correlations developed for pocl fires on
land.

Finallv, {f the ratio of the fractior of energy radisted to the total
ercergy of comhustion possible is estimnted, the ratio decreases as the
spill rate Increases. This suggeats thazt in very rapid spills where heat
transfer arcz batucen the sptlled LN and water {ea enhanced due to ]1quid
fragmentation, a larger fraction of the vapor produced escapes from the
plume unburned. We hypothesize that a large vapor core rises in the center
of the fire. Further we suggest that the fire core may entrain combustion
productes from the outer burning zone that subsequently inhibit its com-
bustion in the top repionn of the fire plume. Therefore, a significant

part of the aasr cf vapor produced may escape at the top of the fire.
FINDINGS : Vapor Fires

Ignition of dispersed vapors from an ING spil]l on water produred a
fire that spread back along the ground over the land toward the pond spill
source., "Firebell]l"” typc of burninpg, where burning gee lifta off from the

ground , was not observed,

The rate of fire uypread through the vapor cloud increases with wind

speed at least for winds up to 7 n/s., The correlations, for flame speed




Ly

TN

T

o

T

the intensity of the surrounding thermal radiation fileld. In the case of
asseasing haztards for vapor fires, the extent of dépread of flammable vapor,
the rapidity of flame travel after ignition and the thermal radiation out-
put nead to be known. Also in the case of vapor firea, atructures lying
withig the flame travel path may be ignited o. experience damage from sud-
den (but moderate) pressure differences. The latter could be caused by the
conbustion of any vapors that have diffused into the buildings or external
pressure differance caused by flame travel. Evaluation of "safe distances"
for preventing hazards to people, damage to stiuctures and ignition of

wooden buildings {s of great concern to bnth regulatory bodies of the govern-
aent and liquefied natural gas induetry. The understanding of the conse-
quences of accidental spills of LNG on water and the asseasment of the poten-
tial risks posed to the public safety from such spilles form {mportant aspects

of the regulation of LNG tranaportation.

.

Several studies have been undeitaken in recent years both in the U.S,
and abroad tc investigate the fire hazards from ING. 1In a series of teste con-
ducted for the American GCas Asmociation by u consortium of companies in-
cluding ADL, (AGA-1974), radiation from LNG pool fires on land wvas measured
ard analyzed. Gar de France has conducted teats on iand tu study the dis-
tance over which the LNG vapor cloud generated bv a land spill is flammable.
The U, S, Navy and the U. 5. Coast Guard have investigated the detonability
of methane air mixtures. However, no experiments had been conducted prior
to.thc present study measuring the radiation from LNG pool fires on water.®
This prodbiem ia of utmost importance hecause it reprzsents the most prob-
able situation consequent to en accidental spill of LNG frow s tanker.
Saveral questions remaln to he answered before a reamnnable emtimate of the
thermal vadiation harard {rom such an expanding, boming, and chort-ltved
fire can be made. Somr of these questions are: (1) can a flawe be sus-
tained on the boiling LNG during ite rapid boiling and spresd on water?
{2) V{11 the fleme Trewain in one piece on the pool or will it break up into
swall flamelets of low height? (3) Will the hefght of flame be equal to

the height of a non-expanding pool flame of the same bdbase dimensions?

* There have been some limited, small-scale tests involving LAHG fires on
vater conducted by the Bureau of Mines and the simulated water spills

conductad by University Engineers, Inc.
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(4) Finatly, will r.¢ tran - fent  ooottfons have any teari{ng cn the burning
and/or flame chiracoristic.? Onlv g theorcetical wodel (Raj and Yalelkar,

1473) presently sxiste to predict the hazard from burning LNG pcal on water.

Simflarly, vherc extst a2 exnterimental data to indicate the extent
of radiation hazar! due to the burning of a large flammable vapor cloud
(as may be formed trem disperaion of the ING vapors) spread over a wide

atrea. What theoreticral analysis exists is very cursory (Raj and Pmmons,
1979%).

The '"nited States Coast Guard (USCG) has the primary atatutory res-
ponsibility to regulate the marine transportation of hazardous cheaicals
fncluding ING and te ensure safetv within the territorial waters and in
the ports of the '"nfted States. The U. S. Navy (USN) does not have regu-
latory authority for I8G shipping; hovever, the USN may be called upon to
assist the USCO or assume a primarv role in emergency situations involving
the shipping of e¢ncrgy flutds.  i'e chemical hacard response information
system (CHRIS) war developed by the U, 5. Coast Guard to better assess
potential hazards rrom chemical <pills on water and to provide guidance

I LR N N P WPC PSR [ PN I ¥ -
Lol Cont inRency .r;a-.ﬂ:uh. THUPYIS contalng several "‘"d!‘l

to predict the

4

behavior of epflled chemfcals, One of the models deals with the behavior
of ING on water, cspecially the thermal radifation from pool fires, However,
aany of the (HR'S taddls are based on theoretical derivations without ex-

perimental verificarton.

The USCu and USN recognized the fact that quantitative knowledge on
the behavior of IN. on water and the thermal radiation output fros such
fires was unavailable. Thooretical models for the scenarios of pool fires
and the burning of LNC vapor (Jouds were available without experitnental
veriilecatton. fheretore, o field scale experimental program involving LNG

spills onto water tollowed by fgnition was {(nittated by the USCG.

The experiments were performed by the USN at the Naval Weapons Center
(NWC) at Chins lake, Califarnfa, undar contract from the U. S. Ceart
Guard. The USN personnel at NWC were completely in charpe of the planning,

design and conduct of the tensts.

The professlonal staf{ of Arthur D. Little, Inc. (ADL) provided, under
contract to the USN (Contract #a NOO123-76-R-1718 and N60530-78-C-0192),

consuleing services during the desipn of tests and their execution. In
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addition, ADL was contracied to perform the analyses of the experimental

data, develop correlations and generate the report covering the LNG spill
rpar program. This report indicates the details of the test program and

the findings.

1.2 OBJECTIVES OF THE EXPERIMENTS

The priacipal objectives of the experimental program, deacribed in
this report, were to understand the behavior of two kinde of LNG fires:
namely, pool fires on water and fire propagation in unconfined clouds of
disparsed LNG vapor. Specifically, the purposde of the experiments was to
obtain data on the characteristics of the LNG fires on water including the
thermal radiative output, the fire size, and the fire apread velocity (in
the vapor fire). The data measured were intended for use in verifying orv
modifying existing physical models or in developing additional ones for

use in hazard prediction calculations.

1.3 SCOPE OF THE TEST PROGRAM

To achieve the above objectives, a two-phase experimental test pro-
gram was conducted at the Naval Weapons Center, California. A total of 11
tests were included in the first phase. These involved 6 pool fire tests,
1 delayed-ignition pool fire and 4 vapor fire testg. In the second phase,
a total of S tests vere conducted involving ! pool fire, 2 delayed-ignition
fires, and 2 vapor fire tests. The second phase was {nitiated after the data
from the first phase indicated significant problems with calibration and

positioning of some of the instruments.

Eech experiment was recorded on 4 motion picture film from each of at least

three different directions. Other mearurements included radiation flux at

, .
H

1 2 - P | - _ -4 P -
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differemar discancez irom iav
eters. Ir one experiment the spectral characteristics of the pool fire were
also measured. Also measured routinely in each experiment were weteorologi-
cal data such as vind speed, wind direction, relative humidity and ambient

temperature. Other {mportant and relevant data such as the spill time,

ignition time, tank pressure, liquid depth in the tank, etc., were alsn

measured.
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Chapte: 2 In s 1e,0rt covers a8 review of padt cexperiments and
andlyses pert~.nicy ta INC 11 es. Also discussel in the review chapter are
models from the combuscion literature relating to turbulent flame behavior,
radiation end acaling laws, 1In Chapter 3 are described the detilla of the
test site, experimental equipment, measuring instrum nte and the teat pro-
cedures, The spectral data obtalned in one of the pool fire experiments
are described and analvzed in Chapter 4. Chapter S deals with the ponl
fire data and thetr analyues. The vapor fire experi{mental data are dig-
cuased {n Chepter 6. A yeneral discursion of the overall findings from
thisg oxperfmental progrum and recommendations for “azard estimation tech-

niques are indlvated in Chapter 7. Kecommendations and sugpested future

research arvas are piven in Chapter

higauataie B 1 ske o uiLed
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2. SURVEY OF LIISRATURL ONCERNING THERMAL RADIATION

Fadit L . <MD UMK TURBULENT DIFFUSION FLaMES

The ournine i 2 large pool of liquid in the open 18 a complex phenom-
et Anvolvirg e catratument ot opebieat alr, turbulent wixing of fuel
vapet aud the eatrained atr, liberation of heat by combustion, loss of
heae by radiation and heat transfer to the evaporating pool by radiation
and convect{rn.,  In a steady burnirg pool of liquid there ia dynamic equil-
ibrium amongst the various fnteractiag phenomena. However, even in such
v Lase, prefde prediciton of the heat output from the flame in the form of
thermal radiation, from purely theoretical considerations is virtually an
tapcantbelity . Llts 1 o edaune ol the cowplexity ©f the chemical reactions,
the diverde aatare of the radlating species, and the lack of a good model
tv Jdescribe tuttulence fu jarge fires. To clrcucvent the difficuleties in
tucoretical predictions, semi-empirical models have been developed. Some
it these models are reviewed from the point of view of thermal radiation
transter from fites as well as {rom the point of view of physical aize
svaling.,  The emphasis {n ths reviow is on LNG fires, First we review
past ING fire experioments, their results and the mdels that have been
Aoveloped.  Subsequently, other general modela available {n the combus~
tion lrerature for describing large turbulent Jdiffusion flames are reviewed.

™)

e scaling lawa tor saize scaling and for radtative transfer are also

daugued,
Sl BEAAVIOR OF QNG ON WATER
The behavior of an LNC spill on water 48 significantiy different from

that of a spill on land for twe principal reasona. In the casc of spill :

4 a large bodv of water, first the liquid spreads because there is no

continement . Secondly, the heat transfer occurs from the water at s rela-
U8 eav Wigh rate.  The rate of ifanafer of heat per unit area has been

touad to be approximately constant from previous experimental data. For a

pool on fire, there s alwo hest trausfer from the fire. The high heat

tranafer rates topether with the increasfng area of contact with water

reaulta 1n raptd evaporation of the liquid. For an instantaneous spill of

i wiven volume, the peol {s expected to incrcase {(n size until all of the ¥
N ik has evaporated. 1In a continuous spill, on the other hand, the pool

«ise wil) teach a maximum area cowsaenasurate with the evaporation rate and

the sptil rate,

-




The water apill has to be contrastad with the behsavior of an LNG epill
on land. While unconfined spreading is possible on flat ground, in most
cases of interest, the potential land spill areas gre diked. This confine-
mant, therefore, limits the size (diameter) of the pool. Secoﬁdly. the
heat tranafer rate from tha ground decreases with time. Should there be a
fire over a diked ING pool, the burning rato (after an initial cransjient of
a minute or #0) will be primarily dependent on the radiative feedback from
the fira. This is unlike the situation on open water vhere heat tranafer from

the tater remains sipnificant until the pool 1ias evaporasted.

2.2 PAST LNG FIRE EXPERIMENTS

Over the years several groupse both within cthe U. S, and abroad have
conducted teats tc study the radisti e and other characteristics of LNG
fires. A raview of the tests conducted before 1972 and their results are
nresanted in another report (see Sectiou G, AGA; 1974). However, all of
these fire tests have been on land. The srries of tests described in thie
report is unique 1n that it consists of LNG fire tests on water. LNG epill

teets on water have been performed and only ome involved fgniticn.

Previous ING fire tesis can be divided into threg broad categories:
1) those that were conducted before 1972, 2) the tests in the AGA spon-
sored series between 1971-74, gnd 3) tests after 1974, The significant

fFiadinra from the A{ffprant teeta are dincumsad helow,

2.2.1 Experiments Before 1972

Several reusearch groups have performed LNC tests on land. Thege
groups include the Bureau of Mines, University Engineers, Inc., TRW,
Enno. Gar de Prance, Tokyo Gas, Useka Gas, et al. A reviev of the detalls
of these tests and their results is given in another report (Section G,
AGA 1974), and 1is therafore not discussed in detaj]l. Howaver, to keep the

current series of tests in perspective, the following festures of tha past
tests are noted.
® The test sizes ranged from laboratory acale (15 cm diameter) to

large field fires (10 m x 1) m pools). Some qualitative obser-
vations of the 200 m diemeter fire resulting from the 1944 Cleveland

LNG accident are also avallable.
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@ Tu 2. tla e erdestve powart Jedueed from the owasured radiometer
Gaoo ranwed foom 9 AW/t o 160 tkfmz. Some researchers have
Cxpres od (10 tlare owtput 1o teims ot the base area of the flame,

Thid ot wat fed Tetwoon 69U kW/mz and 850 kH/mz.

@ b tiu tion o contogtion energy which was radliated in these

Valtens testy tanged between 193 and 40X,
S0 Anors an Tan Association Tastls

Dar Ly, vl J4a sertos of land pool fiire tests was conducted under
"he o8] s . a1 0! tac Alerican tas Assoctiation (AGA, 1974). The tests in-
volved the tap s vt 0 LN nte compa ted groand in a dilked arca, igni-
LAttt 0 el o mean st te st ot e thernal radiatdion from the fire at
Jittervent dusiances trom o the tire center,. Three diff{erent dike dfameters
Were used tn o the tasts. Ghese were 1.8 m (6 ft), 6 m (20 ft), and 24 m
(BO st *r 4 dameter,  Alse weasured in these tests were the liquid re-
Ftenslon rate fn the ool
ihe former was measured with o depth gage and the latter using four wide-
ang.e il Leters located dn otoe dike atmed vertically upward,  Motion

Dholute 1ot s T wet e glao madde.

Phe freorant raeds

*hat weve generated by the AGA tests are as
toll was
e ' 14, 1d rexression rate varied with time (due to varying heat

tracster rate tror the ground).  The quasi-steady state liquid pool
Topten s o tale vative with dlke nwize. It <as 1.5 x 10'“ /s
oL 4y LaLmdind dn 1.4 L dlameter {ires, 2.2 X 1()”4 m/a (0.52 in/min)
in bom tires and U037 % anA m/u* (0.55 in/min) for the 24 m fire.
Tiar purti.n ot thie rate that was due to back radiation from the
ti1e wae eatinited toohe d.0 X 1o'ﬁ w/s (.12 in/win) in the 1.8 m

diametvr tires and 1.5 x 1077 mfs (0.34 {n/min) in the 6 m diameter

R SR - I

Te comn oo terminelogy encountered in the study of radistive transfer
from f{res and flames ave Indicated and defined in Appendix C. Also
given In the Appendix are the values of constants in $I units.

** nlv one test of the 24 m size was conducted. rhe results from this
test 1ve suape.t hecausy of acctdental ignition of vapors outside the
P loana the comuequent destruction of cables and measuring instruments.

Estinate. valne {1 the 24 o fire,

S=3

, e the Hreot catfation from the flame to the pool.

e

e ervre
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e The average flame to pool radiation flux was 3.3 RU/WZ in the 1.8 m
fires and 4.2 k\v'/m2 in the 6 m fires. These represented, respectively,
35 and 66X of the total heat transfer to the liquid (from flame
and ground). The dominance of radiative transfer in thé larger

five was clearly acen,

e The angle of tilt of the flame plume by wind could be correlated by:

1 for u* < 1
Con 6 = - (2.1)
’ . 1 for n* > 1
P R
vu*
Yuind
ur - ——— " Dimensionless wind velocity (2.2)

N

rtilt of the axis of flame with respect to the vertical,

3
n
o]
[ ]
D>
[

"
2" = the 1li1quid burning rate per unit area, (kg/m” s}

3
o, = the vapor density at ambient pressure, and (kgp/w™}
D = the fire diameter, (m).

Another somewhat more elaborate correlation has also been proposed to fit
the data. The difference between the tilt angle estimated by using the two
correlations 1s very small (see Section C, AGA, 1974).

@ The height of the visible {lame could be correlated using Thomas'
correlation (see Section 2.3.1). However, in the 24 w test, the
flame heights measurcd were about three tiwes the diaweter. This

1 about 10 more than that predicted bv Thomas’ relationship,

Two different groups analyzing the AGA fire data cade to somevhat
differant conclusions. One group (ADL) concluded that the AGA tast dats
indicated the flame height to diameter ratio was essentially 3 and the
flame emissive power was 100 kw/nz. The corresponding conclusions from
the other group (UE) ware that the visible flame heights could be adequately
explained by Thomss' correlation (see below) and that the flame amissive

pover was 140 kH/mz.
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spectral geasurcwents of the infrarted emission from the flume were
also made 1{n thege vrperimeats, While no conclusions were drawn trom the
flame spec.ral measurem:ars, it was {ndicated that a atgnificant fraction
of radlation from the fires (espectally the 6 m and the 24 m) could be

attributed to lumiaous soot, The fraction of radiation attributed to soot

T T Y

was reported to be {n the U.6 to UK range. The percent of heat energy
liberated by <ombustion which in emitted as radiation was calculated to be
sbout 202 for the 1.8 m fires, 25% for the 6 m fires and about 233 for the i
26 m five. These values are well within the range generally quoted in the

combustion 1fterature tor radfation trom large fires. However, what is

less certain {s the magnitude of this percentage for & very large fire, or

how it changes with the hiipher bhvdrocarbon rontents of the INC.

The principal conclusion trom the AGA teat experimernts was that LNG
fire was highly radiative bhecause of luminous soot. There was, however,
difference of opinfon on the magnitude ot the emissive power. Genersl
modele for predicting thermal radiation hazards from diked ING pool fires
were proposed,

2.2.3 Recent Tests and n-Godng Tests

Since the completion of the AGA test series there have been no large
seale ING fire expertoents within the U. S. desfgned specifically to study
the thermal radfation output. Tests conducted by University Engineers, Inc.,
(UL, 1974) were primarilv intended to study the effects of extinguishing
agents un Ny dike fires. Cther ING fire tests In the open have been con-

dected tn the last few vears in Japan (Tokyo Gas), and in England (British

Gas Corp.ration). Minv ¢f these tests {involved spille into precooled dikes.
in addition, 8everal IRG fire {fighiing schools routinely pioduce WRG {itTes

for training prograns.

2.3 MODELING FIRE RADIATION

The degree of sophiatication used in determining the magnitude of
thermal radiation field around a fire depends on the accuracy to which the
radiation field ba.: to be described for the end use of the information.

for cxample, contingency planning in the transportation of flammable fluids




involves estimating the extent of hazard zones from potential fire accident

scenarios. In euch cases it may suffice to use simple models because the

accidental release parameters may not be known precisely. On the other hand,

in developing siting criteria (such as apacing betwcen adjacent stor-

age tanks) it is deairable to use as accurate s model as {eg available,

There are basically two models to deacribe the thermal radiation field
around a fire. The firet model, which is very simple, is called the "In-
verse Square Law' model. The second but more sophisticated sodel is called
the "solid flame' model. The state of the art in calculating thermal radi-
ation hazards from ING fires has been discussed in a recent review paper
(Raj, 1977). More detailed analysis of these models are inciuded in the

reviev paper.

The Inverse Square lLawv model 18 bmesed on the fact that the flux of
radiant energy at any distance from a point source varies as the inverse
square of the distance from the source. Based on this model the thermal

flux (§") at any distance (X) from a fire is calculated by the formula:

q . -2 (2.3)
an X
where é » N éc = Thermal encrgy radia «d in unit time (W) (2.4)

In the above egquation éc is the rate of energy released by the com-
bustion of fuel, and n {s the fraction of combustion energy released in
the form of thermal radiation. The ahove model assumes the fire to be 8
point source of energv. The model does not account for the absorption of

radlation by the intervening atmosphere,

ihe vaiue of the {ractional energy radiated cannut be deiermined theor-

etically. A reasonable value wnuld he 751, even though the eatimated value
from measurementes varies between about 15% and 35% (see the reviewed valuas
in Raj, 1977).

fhe second approach generally used in the literature to evaluste the
thermal field around a fire is based on recognizing the fact that the

radiation from a fire originates from the hot gases in the plume and eig-




ni{icant coergy . radiated from regions whick torm the visihle flame,

In shor: this wode!l takes {uto account the effects of size and shape of
fire and the spe 1le concentration {n the fire, A simplitied version of
this model iy called the solid flame model and {8 used widcly for des-
cribing LNG fire rvadlation (AGA, 1971; AGA, 1974). The solid flame mudel
assumes the flame to be a cylinder with diameter equal to fire basc diam-
eter and axiacl length vyual to the length of the visitle fire plume. Also
the flame {s assumed tu radiate uniformly over the entire suxface of the
cylinder, The tuermal radiative tflux at any position (X) from the flame

center {a then given by:
qQ' - EF = (2.5

where E {5 the rate of energy radiation per unit nominal flame surface

arca (emissive power), F is a geometric view factor between the flame and
the receiver and 1 (s the atmosphleric transmigaivity for thermal radiation
from the fire. The view tacter calculation te in general very tedious
becaune {t depends on the flame geumetry, relative position of the receiver
and the orlentaticne of the receiver and the flame. Methods for calculating
the view factors {or geueral cases are given by Hottel and Saroti~ (1967),
Sparrow (1973) and for mpecitic cases v Redn et al. (1470), Raj et al,

(1974, and oy (77

The determination of the cmissive power E of a flame is more difficult.
The thermal radiat{on from a fire emanates {rom both raseous apeciea such
as water vapor, carbon dioxi{le and carbon monoxide as well as from luminocus
soot particlea., The gageour. species emit radiation in certain spectral
bands ‘non-luminous radiation) whereas the root radlation {s continuous
over the entire spectral range of importance. The theorfes of gas radi-
ation and the models developed to dencribe the band emission fror various
gases are deacribed {n moast text books on radiative tranafer (see Hotiel
and Sarofim, 1967). Recentiv, deRim (1978) has reviewed these models from
the point of view of fire radfation predictions. Modak (1978) has developed
simplified calculation procedures for obtaining the gas emissivities. Mark-
stefin (1975) has proposed a model which considers a fire as a two-specie

emitter whose tetal radiance is equal to the weighted sum of the radiance

-~
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due to gas emission and that due to moot. Usirg a unique laboratory experi-
mental procedure, Markstein has measured the radiances of ethane and pro-

pane flames (laminar and turbulent). Marksetein's data indicate that tur-
bulent fires are less vradiative than laminar fires. Also his data seem to
confirm some esrlier findings that in fires the heat release rate per unit
volume of flame is constant and independent of fuel types. This value

was found to be about 2 x 106 \-'/m3 (i a 1 m high flame). Based on this signi-
ficant finding deRis (1976) has attempted to develop a cascade combustion

model for buoyant diffusion flames with a view to predicting the fraction

of combustion energv that {s radiated. This model explains cualitatively

the relative (nmens{tivity of the fraction radiated to the fuel flow rate.

It 18 known generally that a signi{ficant fraction of the fire radi-
ation originates from the luminous soot. Markstein's data for turbulent

fires of propane and cthane {ndicate that in very large fires about 981

of radiation 18 ewitted by luminour soot. The emissivity of scot deoends
on the mean volume fraction of soot, the temperature and the flame nize.

The moot spectral abrorption emi{srsrion coefficient is approximately propor-

Hy
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a wavelength and can be expresscd by (Dalgell and
Sarofim, 1969):

k,.\ - BH fv/‘ (2.6)

where Ba in a dimensionlicar constant of magnitude between 4 and 10 (gener-
ally assumed to be 7) and fv is the volum fraction of soot. deRis (1978)
has shown that bascd on thce above ejuation the emissivity of soot ie:

N
v

e, m 1 - (154 (14 Bt XT/C,) (2.1

3

where v( i{s thepenta gamza fun tion,” X {e the path length for radiation
and C, ia the Planck second (onstan.. There are no comprehensive models
to describe the formation of soot or to eatimate the amount of soot pres-

ent in a given fire, Therefore, the use of the above equations ie limited.

e - ———y o — o ——— — -~

* Penta Camma functiog e defined by:

&(3) J tle *t

(z) Y de,
(l=v )

See Abramowitz ang stegun (1964), p. 260,
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Current fir r(aafation models are at a stage where given the tempera-
ture of the gases, the vartial pressures of gaseous apecies, the soot con-
centratior d ithe wnize of tire it {s possible to predict the emissive
power of the fire with at lee<t an accuracy sufficient for engineering cal-
culations. Unfourtunately, however, none of these values are known a priori
in a large Jdiffusion flre and that {8 why the prediction of radiative out-
put from svch fives is dififcult. This difficults has been overcome in
many instances by aircvet measurements of enlssive power in experimentu.

This certainly 1s the case with 1NG fires,

2.4 SCALING LiWS

In extrapolati{ng the reeylts from small-scale experiments for predic-
tion of the hazards 1f large-scale npill tiires, it is essential to know
the laws of mcaling. Reviewei in this scction are the scaling laws for the
phvsicil size of the fire am well as tlie scaling of radiative characteris-
tics of turbulent diffusion flames. The emphasis in the review of physical

size scaling laws {s on INGC spills on water.,
2.4.1 Size Scaling
foal Size

In the slze scalling of a ING fire on water, the parameters of impor-
tance are the volume ot spill, the duration of spill, and the rate of mass
logs per unit area (vaporization or regression rate),  The maximum diameter

of the peod at the base f the fare is piven by (Raty et al,, 1974):

o RRYL
D = 2| % ”J for instantaneous spille (2.8)
v
and v )12
D “[i‘ “-; for continuous spills (2.9)
.

where V {s the volume of 1iquid spilled, ¥ §s the regressicn rate, 5 the
1igutd tractional density defect and . ix the daration of spil]l when the
volume V i spilled continuously at a8 conatant rvate. Other researchers
have alro ohtained similar expressions which differ only i{n the magnitude

of the conatant factor (for a review see Otterman, 1975). Expressions

e it




for the size of the pool during the transient spreading phase are also
available (see Raj, 1977; Raj and O'Farrel, 1978). In a recently pub-
lished paper (Raj, 1979), the f{ssue of classifying 3pills into iuvstantaneous
and continuous haa been discussed and a criterion has been deriﬁed‘ A

pill 1s classified as "instantaneous' 1if:

t. < t. (2.10)
v o) [ S )
Duration of apill A critical time

of volume V

where for LNG apills on water (apill volume 1in the range 1009 m3 - 50,000
-3) the critical time is given by:

1/3

e, ~2x100 Lr (2.11)
y

If equation2.10 {5 not satisficd, the apill {s assumed to bhe a con-

tinuous spill.

Visible Flame Helght

The height (or length of plume) of a visible flame {& dependent on
several parameters including the size of the fire (diameter), the mses flow
rate of fual vapor, the nature of the fuel and other ambient conditions.
Different correlations exist relating the viaihle lengtb-to~-diameter rati:
for other parameters. Thomas et al, (1965) derived the following correlation
to a free-burning turbulent fire, dominated by self-induced buoyoncy forces

and self-generated turhulence.

L & \ n.6l1
'6 - "‘“—:’:‘
2]

vhare &" ia the mags hurning rate per unit pcol ares, and o, ie the denesity

PLS
iR
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of air. Stewvard (1970) and more recenily, Becker and Liang (1978) have

developed flame léength correlations based on laboratory data.?
]
-

* AGA flame height data did not sgree with Steward's correlation. & cur-
sory look at the data {rom present experiments did not check the Becker
and Liang correlatlon (which gives L/D = 11 for pool sizes tested, where-
as obhserved values are in the 3 to &4 range). Therefore, the details of
these correlactions are not discussed.
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It should be noted that the visible flame does not represent the com—
plete radiative surface. In the upper portion of the flame, toth flame
temperature and soot concentration decrease with height so that the con-
tribution to the radiomeiric data by the infrared portion of th¢ epectrum
becomes increasingly dominant (Markstein, 1976). However, at thie stage,
the flame may not be visible. The difference between visible surface and
the IR radiating surface is a smal) fraction of the total; for many prac-

tical purpnsea, the distinction can be ignored.

2.4.2 Radiation Scaling

The amount of energy emitted per unit area by s black body is propor-
tional to the fourth power of temperature. The temperatures of fuel fires,
in general, do not vary significantly and are {n the 1200 K - 1500 K range.
From a radiative point of view, both temperature and emissivity are impor-
tant. Eamissivity for a continuum (or grey) emitter can be expressed by:

ce1 - (2.13)

wherek is the mean absorption coefficilent (n-l) and D the flawe size. For

4 band emitters (such as ﬁ20 and 602) the relatfonshiip is not simple. The E
! emieaivicty depends on the temperature and partial pressure beam length i
3 produce. |
- L .
“band f (pl., T (2.14)
Graphical representations of the above function for different species are 3

available in radiative transfer ftext books (see Hortel and Sarofim, 1967).
If dynamic similarity exiscs between an experimental fire in the labor-
&tory and a fire in the open ihen caiassivities can be scaled using the
above equations, Of course, beyond & certein size the emissivity may te

almost unity. For fuel fires, this thickness ranges from about 3 m for pro-

pane and 5 m for ethane, to about 10 m for methanc (llarkstein, 1976).

For turbulent diffusion fires generated by controlled fuel vapor flow,
scaling laws describing the physical dimensiona of the fire and the radiative
output have been developed by Markstein (1976). The validity of these acaling

lavs for a rool tire, in which the evaporatfon rate of the pool (i.e., the




vapor flow rate) is iteself dependent on the radiative characteristics of the

fire and its size, has not been demonstrated.

Radiative tranafer in fires is an area of continuing research. While
significant progreas 1s being made in neveral areas (such as developing a
comprehensive combusticn model for a buoyant turbulent fire) many other
problems have not been investigated adequately. Ome of these, for example,
wvhich has significant relevance to large LNG epill fires on water, is the
question of size stability. 1If one kept on increasing the gize of the
pool, is there a critical size beyond which no single diffusion flame is
sustained on the pool, bhut instead would one find a cluster of smaller
pool fires? 1In such a case, what are the parameters that influence this
critical size? The queation 1is not academic; for 1f the flame size (and
therefore the flame height) is reduced but yet the flame is optically thick,

the radiation hazard zone will be significantly reduced.

2.5 UNCONFINED VAPOR FIRES

Vapor fire experiments have been conducted before (Gez de France, 1972,
AGA); however, these were not intended for atudying either the flame propa-

gation in vapor clouds or the thermal radiation from such fires. The data

that could be gathered from these tests were reviewed by Raj and Emmons (1975).

Also developed in the same paper {8 a model for the propagation of turbulent
fire in an unconfined vapor cloud and for estimating fire size. Another type
of vapor burning in the form of a fire ball has been proposed by Fay (1975,
Fay and Desgroseilliers (1978), and Lewis (1978). The propagating fire

model and the fire ball model have been discussed by Raj (1977) in the

review article. Hardec et al. (1978) have also developed a simple fire ball

model, Small-scale experiments in the 0.1 - 10 kg range (with pure methane

and premived methane air mixtures at ambient temperature) have been performed.

The experimental fire balls were swmaller than the theoretical predictions.

Combustion times seem to agree better,
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aystem. The tank is & vertical cylinder of nominal capacity -- § m3

(2 m diameter x 4 m height) and is insulated oa the ouvtside with about

0.2 mw thick polyurethane foam. The insulation is painted white

(ailver) to reduce the radiative heat leak. The tank is located about 15 m
awsy from the center of the southern edge of the pond. The spill line gtarts
{inside near the tank bottom and extends through the top of the tank. Ex-~
ternal to the tank, it is basically an insulated 0.15 m (6 inch) diameter
pipe except towards the diacharge end where its diameter increases to (0.2 m
(8 inches). Transfer is accomplished by introducing nitrogen into the tank
vapor space thus forcing liquid through the spill line. The ullage space
in the tank 18 connected to nitrogen cylinders through remotely operated
pressure reduction valves. The nitrogen cylinders are on a flat bed truck

which can be seen in Plate 3.1.

The s8pill line over the pond rests on a pipeway supported on a trestle.
The center line of the horizontal section of the pipe is 2.2 m above the
water line. The discharge end of the pipe has an elbow with a short ver-
tical section exactly above the center of the pond. The exit section of
pipe 18 1 m above pond water surface and discharges liquid vertically down.
A circular metal plate (0.5 m d: .meter) is suspended from the pipe with
the plate surface jus{ benecatihh the waiter surface. This plate 4s intended
to prevent the LNG jet from impinging on the bottom of the shallow spill pond.
A radiation shield 18 provided between the stainless steei tank and
the pond edge to minimize heat radiation to the tank from the LNG
fire on the pond. Also nrovided is another thermal shield to protect the

thermocouple junctions amd other instruments from fire radiation.

Meteorological Jdata are recorded from two stations. One station for
wind speed and direction is on top of the bunker. The other is located
at about 10 m upwind from the SW corner ot the pond. This station records
wind speed and direction I m above ground, temperature, pressure, and
relative humidity. 1In addition, for test #12 and later tests, wind djirec-
tion and velocity at 10 w sbove ground and lapse rate up to 15 m were re-~

corded at pond station.

For the initial twc tests a matrix of thermocouples wgs provided
underneath the water to measure the heat trangfer from the water to LNG

{(by noting the instantanecus temperature of water). This matrix consisted
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of 6 therwocouples lovated vertically beneath the wateyr surtace at 2 mm
intervale. There were 5 such vertical arrays arranpyed at 2 m aspacing
along the downwind (NE) direction from the spill point., Seven additional
surface thermocouples were also provided. These thermocouples were not
used 1in the later tests because the surface temperature data obtained in
the first two tests were very noiasy probably duc to wave effects and no
sense could be made of them. Thermrcouples lower 1n the water registered

no observable temperaturce changes.

The test equipment also fncluded electrically inftiated flares. VYor
igniting the pool fire, an {gnitor was provided about 1/2 m behind the
exit section of the spill pipe. The number of ignition {lares for the
vapor fire tests varied between 2 and 3, and these were located on land
on the downwind side. Their exact locatiuns in cach vapor fire experiment
are described in Chapter 6. A safety flare was also provided midway be-
tween the bunker and the pond. This was Intended to ignite anyv vapors

that might blow in the direction of the bunker.

3.2 INSTRUMENTATION

The principal instruments used in the series of terts described in
this report were designed to measure the thermal radiation output from
the LNG pool fires on water and the LNG vapor fires. In addition, photo-
graphic, meteorological, spectral, and some gas concentration data were
obtained. Table 3.1 gives a summarv list of the {nstruments used, their
type and manufacturers, significant specifications, number of instruments
used and other special information.

iwo types of instrumenis were uscd to mrasure the radiarive output
of the fires. These were the wide-angle radtometers (with view angle of
150°) and narrow-angle radiometers (view angle 7°). Both radiometers weve
water cooled inscruments. The instruments were provided with windows
(quartz, sapphire) to prevent the air currents from affecting the sensing
elements. The actual types of windows used on cach radlometer are indi-
cated in Chapters 5 and 6. Since the wide-angle radiometers view the
entire flame, thelr output gives an average value of the total emission

from different parts of the flame. The narrow-angle radiometers indicate

3-3
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the emission from a specific area of the flame. In the experiments, the
wide-angle radioumeters were set up with the axes of the instruments houri-
zontal and gimed mostly on a vertical line directly over the apill poins.
In the case of narrow-angle radlometers, the "aim" was different in dif-

ferent experiments and these are indicated in Chapters 5 and 6.

In only one experiment (Test #5), a spectrometer was used to measure
the flame infrared spectrum, This instrum:nt was mounted on a mobile
trailer and located a distance of 236 m from the pool fire. The spectrom~

eter (a fast-scanning Michelson type) had a scan speed of 0.5 s.

A1l o1 the tests were recorded on movie films viewed from three
different directions. The movie cameras were located on the cross-vwind
direction to get a side view, oun the upwind (or downwind) to get a second
crthogonal horizontal view. Another camera was suspended on a guy wire
betwaen two poles held aloft at about BO m above ground. This overhead
camera vas arranged to record an overhead view of the experiments, but the
full field of view was sometimes reduced aince the camera tended to sway
in the wind. All of the cameras recorded the experimental events at a
speed of 100 frames per mecond.* Two of the pool fire tests were also
recorded on 70 mm still films.

For the vapor fire tests, hvdrocarbon sensors were located at 5 down-
vwind locations on leand. The sensors were installed about 0.6 m above-
ground. These instruments were intended to measure the vapor concentra-
tionuy before the fgnition of the vapors by flares.

The electrical signal outputs from all of the weasuring instruments

vere connected to a data lcgger and to the high speed tape recorder

—a

ocated in the fnstrument bunker bv cables. The data logger is capable
of taking in 30 channels of input. All channels can be acanned in 250
ms. In experiments 1-11, wind speed and wind direction were recorded omn
two chaunels each (on the tspe recorder), one channel each of ambient
tempersture, pressure and relative humidity were also recorded., From
Test #12 on, additfonal data such as wind speed {1 channel), wind direc-
tion (1 channcl), ambient temperature (1 channel) and tempersture differ-

ences (4 channele) in the atmosphere were also noted.

# In only one experiment - a vapor fire experiment, two additional movies
vere taken, one at 24 frames per sec and the other at 100 frames per sec.

3-8
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The progress of the experiment was alse monitored from a close-circuit
television in the instrument bunker. The television camera was mounted
on top of the bunker and had the ability to zoom on any specific spo:,

Algo the camera could be panned.

Thermal imaging films of the vapor cloud wrere nmade in one experioent.
Thermal i{maping i{ndicates the temperature dist-ibution within the cloud.
The princlple of thermal imaging s bhused on the fact that the transmis-
sivity of the various parts ot the cloud for thermnal railiation from a back-
ground source (such as the desert) is a function of the tomperature., Be-
cause of the signiiicant expense in the use of the thermal imaging camera,

1ts use was discontinued after a single vapor firce test,

Additional instruments used included pressure gages to monitor the
tank pressure, and a liquid depth gage to record the liquid level in the
tank. These {nstruments were aleo monitored ruemotely from the instrument
bunker.

3.3 EXPERIMENTAL PROCEDURE

The experimental procedures folloved for both puol fire tests and

lad

vapor fire tests vere similar up to 2 cevtaln time, bevend which ther
differed becausc of the nature of the tests. In brief, the test p..

cedure consisted of the following sequential steps.

1. Based on the wind direction and wind sp.cd requirements for
the test, an appropriaste day for the test was chosen using the

meteorological prognosis as a guide.?

2. The cryogenic tank was cooled by ING. If the tank was at ambient
temperature, it was first cooled bv adding LNG slowly and cooling
the tank by vaporizing the LNG urtil the tank reached the LNG
boiling polint. The tank was then drained to temove enriched LNG
and loaded with fresh charge. If the tank was cold from a pre-
vious test, it was first drained to remove res{idue and loaded

wicth freah ING.

Significant delays were experienced in the test achedule, watting for the
wind to blow from the proper direction. Tests were not coenducted for
reasons of safety when the wind was blowing towards the bunker. Also be-

cause of the peculiar weather patterns over California during 1977, meteorc-

logical predictions on wind directions proved to be inaccurate.

3-9




On the dav of the test all instruments were checked and the wind
apeed and direction were monitored for at least 2 to 3 hours be-
fore the test time. Also the tank was pressurized to between 2
and 6 atm (depending on required LNG flov rate) with nitrogen.
When all svateme were found to he in order and the wind was in
the proper directfon, the ING spill initiation sequence was begun.
The wind direction was less of a consideration (than wind speed)

in pool fire tests.

The spill line wuis precooled by remotelv opening the cool-down
valve and allowing a small amount of ING to flow down the spill
line. All the recording {natruments were turned on. The spill
was initiated by electrically opening the solenoid valve located
in the discharge pipe about 1/3 of the pipeline length from the
tank. The time at which the valve opencd was recorded. During
the lquid discharge from the tank the pressure fnside the tank
was maintained to assure constant liquid flow rate. The pres-
sure was prescel at a value comarnsurate with the desired rate of

fiow.

The gpil]l was monitored on the TV screen {n the Instrument bunker.
In the casce of pool fire tesatn, the flare was ignited at the same
time the spill valwve was openvd. There {8 an inherent delay be-
tween the time the flare §s {gnited and fire appears from the
flare case. In addltion, there {sx a further delay until an ig-

nitable gas mixture reaches the flare.

In the casc of vapor fires, igrnition vas not effected at the

{11 peint. The vapo

» - R TI I's -
i Yapovr Cadgud g

orwed wan allowed to drift over
land. The land based flareva were f{gnited when {t appeared from
the TV view and from the hvdrocarbon sensor data that an ignit-
able mixture had resched them,

The spill valve on the discharge pipe was closed when the volume

3

of liquid {n the tank reached 1 . This "heal" was left in the

tank t» keep it vold untfl the next test.

AT
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The data obtutned durfng ne test were visualiy wonitored and
luter provesaed on the NWi computer. Priat out ot the sfgnal
strength (in mv) {n individual (hannels with tipe were
cbtatned.  Alse plotted from the dpgitized dto were the ]
radfometer data (m vs times. i
8, The motion pioture tilms were roetide od w00 o avd. The
Jata obtained in the experfmonts, sipidr. 0t obsavaiions on

the behavior of the dtterent tdires and orher futornation o

Ll s,

the experiments are discusaed In Jdotad. o0 the suesequent

chapters,
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4. 1NC FLAME RADIAT W SPECTRIN

4.1 INTRODUCTLON

An understanding of the {nfrared radiatfon emfusion spectrum from an
INGC flame ‘s important from the point of view of knowing the distribution
Gt cnergy In varioa: bands and how this energy distribution is affected
by the tlaoe mize, lwme constitution and by the wmetcorological condit:ors,
The krowledge of the total {rvadiance trom the tlame .nd the energy dis-
trdbution in various wave lengths can then he wttlired along with the
absorption characteristics of the atmosphere (wiatel vepor und carbon

diloxtde) to estimate toe Jistances trom the tlaw 1t whiich various levels

ot radiation hazards are produced.

In the current series of LNG fire experiments described in this re-

pert, only in one experiment (test 05, pool fire) was the iire radiation

épcctrum measured. In this chapter the details of the measured spectrum

and 1te analvsis arc described.

The principai products that result from the (stoichiometric) combustion 5

v _
10 he

re

sn, in

(44

ALt
AV

-

of methane and air are water vapor, 002 and nittogen.
cnse of hvdrocarbon diffusion flames where the rate of entrainment of air

{v determined by the characteriwtics of the fire, sovot formation occurs,

Heuce, the principal thermal emitters in an LNC f{re are expected to be

wiater vapor, CO. and soct. However, there mav also be other emitters such

2
ars O, C“L and other intermediate reaction products.

4.2 _FXPERIMENTAL SPECTRAL DATA

A nrvieca ot one hundred twenty cight

juring tesat #£5 {pvolving a poul fire on water. The duration of each

scan was ahout N.5 geconds. ‘The instrument was ‘ocated at 236 m (775 ft)

trom the spill point meunted on an instrument truct parked just behind

the hunber at the teat afte, The spectral range scanned wave lengths

trom 1.5 .m to 5.9 um with a resolutfon of 7.7 cm-]. The data obtained

‘tom Jiffrrent scans have bheen teduced at approximately 5 second intervals

starting vith the firat at 5.4 s after the {nftiation of fgnition.
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Figures 4.1 and 4.2 show two typical spectra measured at about 15 seconds

and 40 seconds respectively, after ignition. A complete package of the
teduced spectral data from the experiment {s given in Appendix D,

4.3 INSTRUMERNT AND CALIBRATION

4.3.1 Description of the lnatrument

The instrument used for the spectral measurements was the fast scan-
ning Michelson Interferometer, made originally by General Dynamics and sub-
sequanrly modiftad. No fore optics were used efther during the calibration
or during the measurement. The field of view was, therefore, defined by
the detector lens and the maek on the face of the detector to a 6° (full
cone) angle. The detector was a liquid nitrogen cooled InSb diode and
the beax splitter was made of KBr, The choice of the detector limited
the interferometer to wave lengths (') less than 5.5 um. The spectroweter
had two Irtran 2 windows and two PbSe fileld lenses. A schematic diagram

indicating the salient fesatures of the interferometer used is indicated

in Pigure 4.3, The workings of the spectrometer are described in Appendix A.

4.3.2 Calibration Procedure and Scale Factor

A spectrometer must be calibrated in both wave length and energy. In
the case of the fast-scanning Michelaon interferometer that was used in the
sxperiment, wave length calibration i{s based on the built-in He-Ne laser
vhich controls the gampling rate of the recording of the interferogram,

The ingtrument 18 thus inherently calibrated in wave length,

The spectrometer used {n the test was calibrated againat a atandard
black bodv source at 1116 K. The details of the calibration and the
of when the apec trometer ds uged

equations for determining t(he ncale {ator whei us

to view the flawme are described in part 2 of Appendix A.

The theoretical black hodv curve for a 1116 K temperature source and
the wmeasured spectrum are indicated in Flgure 4.4. 1t is seen that the

miasured spectruw and theoretical spectrum are in excellent agreement over

most of the wave lengths. The wide mcatter in the measured spectrum between
1.5 vm and 2.0 um {8 probably due to noise generated bty instrument problems.

The line structurc at 2.5 um is due to water abeorption lines. The significant
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dip at 4.3 ua (CO, absorption) seems to be inexplicably large, considering

the calibratior was done at short range to minimize atmospheric absorption.

The spectrometer calibrated as above was aimed at the flame in Test
#5 from z distance of 236 m, The resulting epectra are presented with
the full scale on the graphs representing an apparent spectral radiant
intensity of 2,000 kW/ sr ym. (NWC, 1976.)

At a range of 236 m (774 ft) and a full cone angle of 6°, the fleld
of view covers a diameter of about 24 75 m. The center of the fileld of
view of the apectrometer was aimed at between 3 and S m above the apill
point. A schematic of the field of view at rhe instrument aperture is
shown in Pigure 4.5. The actual flame shapes scen by the crosswind movie
camera at about 20 seconde (+ 0.5 8) are also shown in Figure 4.5. It
{a estimated from the motion picture films of the experiment (see details
in the next chapter) that the flame diameter is about 13 m. The view is
such that a part of the reflection of the flame in water is also '"meen"
by the spectrometer. Some energy received (by the spectrometer) there-
fore represents the reflected energy from the water pool. However, this
represents a small fraction of total energy received because of the com-
paratively smali flame area "seen' in reflecifon. Also, the veflecti-
vity of water 1s only on the order of 20 from 1 - 6 um (with the ex-
ception of a peak of 40T at 3 i:z). Therefore, we estimate the prnjected
flame surface area scen by the spectrometer to be about 211 m2 + 13 mz,
assvming that the aim of the axis of the spectrometer is 4 + 1 m above

spill point.

Bssed on the above estimate for the area of the flame aeen by the
spectrometer, the spectral radiance represented by the full scale on the

spectral graphs are

Spectral radiance _ 2,000 _ .. 0.60 2
(full scale) 213 9-4 * 0.54 kW/m® sy oum

4.4 ATMOSPHERIC ABSORPTION

The principal constituents of the atmosphere that absorb thermal
radiation are the water vapor (HZO) and carbon dioxide (COZ)' Table

4.1 indicates the composition of various gases in the atmosphere,

4-7
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Flame shapes measured from
cross wind movie films (test #5)
a. 20 ¢ 0.2 s after ignition

e e e

84 m

e Diameter of field of
view 26.75 m

FIGURE 4.5: FIELD OF VIEW OF SPECTROMETER AT 236 m AND THE
RELAIIVE LOUCATION OF THE FLAME IN THE VIEW.
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TABLE 4.1:

Constitueat Gas

CONSTITUENT GASES [N THE

ATMOSPHERE AND THEIR CCNC®™  ‘ATIONS

Concentration in Atmosphere
(2 by volume)

Nitrogen
Oxygen

Argon

Carbon Dioxide
Neon

Helium

F Methane

% Krypton

Nitrous Oxide

3 Carbon Monoxide
! Xenon

Hydrogen

Ozone

Water Vapor

*  Source:

78.088
20.949
0.9)
0.033
1.8 x 107
5.24 x 107°
1.4 x 107
1.14 x 107°

5.0 x 107°

-$
.0 x 10

[}

8.6 x 107°

5.0 x 107°

Variable

Variabie (depends on

temperature and relative
humidity).

Wolfe (1965)




The CO2 content in the atmosphere is in goneral constant at about
330 pps by volume, water vapor content variews strongly with temperature
and humidity. On the day of test #5 for wiich the apeciral data are
available, the ambient temperature was 264 X (21°C) and velative humi-
dity, 54%. Figure 4.6 indicates the relationship between atmospheric
temperature, relative humidity and the amount of precipitable water vapor
in a given path length.  Using this figure and a path length of 236 m

(775 ft), the precipitable water vapor 18 estimated to be 2.3 mm.

The principal absorption bands for water vapor are at 1.87 um,
2.7 ym, and 6.27 um (Wolfe, 1965). Minor absorption bands also exist at
6.94 um, 1.1 um, 1.38 um, and 3.2 um. Strong absorption by CO2 exists
in the 2.7 um region, the 4.3 um region, and the region hetween 11.4 uw,
and 20 um. Weaker absorption bands are present at 1.4 um, 1.6 um, 2.0 um,
4.8 ym, 5.2 um, 9.4 um, and 10.4 um. As the temperature of the emitting

or absorbing species increases, the bands tend to broaden.

A useful concept for the quick estimation of atmospheric absorption
of continuum radiation ${s the "equivalent bandwidth c¢f complete absorption."
One calculates the integral of absorption over an absorption band and in-
terprecs the result as the widih of o "rectangular” couplete absorption
band equivalent to the real band profile. For a continuum source, the
effect of such opsque bands is then ecasy to eatimate, Three absorption
bands, in the range of interest (1.5 um through 5.5 um) can be described
in this way. These are the water bands at 1.87 um and 2.7 um and the 4.3 um

CO, band. The water absorption bevond about 4.7 um 1s not as readily dealt

vizh since the band atructure is not narrow compared to the range of inter-
est. However, the fraction of total energy from a 1300 K black body that
iies beyond 4.7 ym is about 25
results of total absorption bandwidth calculations for the above three bandas
of interest are given in Table 4.2a and 4.2b. The calculations are based

on the data available in the Infrared Handbook (Wolte, 1965). Also given

in the tables are the fractions of a 1300 K black body energy that will

be absorbed in each of the bands. Atmospheric temperature is assumed to

be 300 K in these tables.
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Path for | mm of mater (M/mmm)

FIGURE 4.6: VARIATION OF PRECIPITABLE WATER
CONTENT OF ATMOSPHERE WITH TEMPERATURE,
HUMIDITY AND PATH LENGTH

L]
Source: Kruse, et al. (1962)




TABLE 4.2a: TOTAL ABSORPTION BAND WIDTH FOR 1,87 um
AND 2.7 um WATER BANDS AT 300 K

TABLE 4.2b: TOTAL ABSORPTION BAND WIDIH FUK 4.3 um
CO, BAND AT 300 K

2
Total
Path Length Absc zption Fraction
Through the Band Width of 1300 K
Atoosphere b Black Body
o wmy o am) Energy Absorbed
1000 . .04
236 Y .G3
100 L322 .03
10 .17 .02
1 .065 .01
0.3 .033 . 004

. 1.87 um Band 2.7 ym Band
Total Total
Absorption Fraction Abgorption Fraction
_Precipitable Band Width of 1300 X Band Width af 1300 K
Water AN Black Body AX Black Body
(om) (um) ___Energy Absorbed | = (um) Energy Absorbed
b 0.16 .04 0.58 .16
2 0.12 .03 0.51 14
1 0.1 .03 0.45 .12
0.1 0.033 .01 0.22 .06
0.01 0.0l .003 0.07 .02




ik

The detwr:led (a'culations ot the atwmospheric toowsnissivite for
different wave leagths (s a tedfous job. Fortunmately, the absorption is
oinimal exccpt at cevtain bands. The atmospheric absorption tables for
different path lengtha, bands and humidity conditions are ava{lable in
the literature (sce Hudson, 1969; Wolfe, 1965). Utilizing these tabu-
lated values' we have estimated the transmissivity variation in the
atmosphere with wave length for a path lengrth ot 236 m and 21°C, S4%

relative humidity (2.3 mm precipitable witer vapor).

Table 4.3 shows the transmiasiviey of R {_ am f precipitable water)
and 002 (200 m path length) and the total (r;nﬁmisxiv!ty as a function
of the wvave length of radiation. The totul transmissivitv 1s plotted in
FPigute 4.7. This transmiseivity is construed as the one applicable to

interpreting the epectral data. The error due te the use of data for a

200 m path length for CO, (instead of the actual 236 @) and for 2 mm
precipitable wvater (instead of the actual 2.3 om) is expected to be

small.

4.5 ANALYSIS OF SPECTRAL DATA

During the experiment, 128 spectral 8 ana were made (each scen of
duration 0.5 seconds). Data from 12 representative spectra have been
reduced, spaced about S5 sxeconds apart. The duration of the intense fire
in this test lasted only for about 26 reconds, and the spectral data
covered this Juratfon and bevond. Figures 4.1 and 4.2 are typical j
spectral records representing an earlv s.age and latter stage of the fire. ‘
All of the 12 spectral records measured and reduced are given in Appendix
D. Only one record {8 analvzed In detail for making quantitative esti-

mates of fire radiation and for the purposes of discussions.

At a wave length of 1.9 um and 2 mm precipitable water, the fraction
of energy absorbed in the atmosphere, according to the table in Hudson
(1969), 18 0.175. However. this §3 in conflict with the measured spec-
trum where the abaorption is about 98X, arnd 1t ia glso in conflict with
the data in the IR Handbook (Wolfe, 1965).

Sotl
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TABLE 4.3: VARIATION OF TRANSMISSIVITY OF ATMOSPHERE WITH
WAVE LENGTH FOR THE CONDITIONS OF THE EXPERIMENT

Wave Wave
Length Transmissivity Length Transmisaivity
(um) H,0 CO2 Total (uvm) H20 C02 Total
1.5 0.98 1.0 0.938 J.6 0.97 1.0 0.97
1.6 0.11 1.0 0.11 4.0 0.99 1.0 0.99
1.8 0.24 1.0 0.24 4.1 .98 0.97 0.96
1.9 0.82 1.0 0.82 4.2 0.97 0.55 0.53
2.0 0.9} 0.95 0.88 4,3 0.95 0.016 0.015
2.1 0.98 1.00 0.98 4 4 0.91 0,32 0.29
2.2 0.99 1.00 0.99 4.5 0.87 0.95 0.83
2.3 0.98 1.0 0.98 | 4.6 0.82 1.0 0.82
2.4 0.91 1.0 0.91 4.8 0.74 0.97 0.72
2.5 0.69 1.0 0.69 5.0 0.63 1.00 0.63
2.6 0.002 1.0 0.002 . 5.2 0.34 0.98 0.37
2.8 0.001 0.8  0.001 || 5.4  0.12 1.00  0.12
3.0 0.4 1.0 o4 (| 5.6 0.002 1.00 0,002
3.2 0.67 1.0 0.67 2

3.4 0.88 1.0 0.99 |

e Reference Kruse et sl. (1962), Hudson (1969)

e Conditions of the experiment 21°C, 542 RH (2.3 mm precipitable
water vapor).

© Table is bamed ot 2 mm uwater vapor and 200 w path lergth for CO2

4-14
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4.5.1 Anslysis of a Specific Spectral Scan

Pigure 4.7 shows the radiation spectrum measured in scan #56 at
about 20 seconds after the ignition of the epill.* Tha motion picture
records of the experiment and the radiometer data (see Chapter 5) indi-
cate that at 20 meconds after {gnition, the burning is "intense"” and

quasi steady.

The flgure clearly shows the atmospheric absorption of the radiation
by the 1.87 .m and 2.7 .m water bands and by the 4.3 um CO2 band. The
flame hes no resemblance, spectrally, to a black or grey body emftter.
This is not merely due to the atmospheric and other ahsorption spectra
superimposed on {t tut chicfly due to the fact that a very large part of
the radiation originates from gascous species, chiefly H20 and COZ' The
remainder of the total omisston comes from luminous soot particles. Fven
the latter will not necessarilv ecmit as an isothermal black body radiator
because the ocuter lavers of the flame will be at Jifferent temperatures
then the inner ones. The soot particles, in general, are much smaller
ks

(100U A®) than the wawe icngihs cortempunding to the peak emissicn inten-

<

sity of a black budy in the temperature range of 1300 X ~1500 K (2.3 ym -
1.9 uw). Therefore, wave length dependent effects and the non-uniform
temperaturce effects can be expected to influence the emigsion from opti-
cally thin luminous soot layers. 1In particular, peculiar spectral bright-
nees chenges for the particular wave length can be expected toward the

limb of the flame in contrast to a uniform lLambertian radiater. A Lamb-
certian radiator {s one in which radifance falls off strictly with the cosine

of the angie of emismion wiih vespect to the dircction of view, :

Qur analyais of the spectrum shown in Figure 4.7 indicates the

following:

The full-scale value of the ordinate in the figure is equal to an
apparent flame intensity of 2000 kW/St um. To get the actual radi-
ance at any wave lengtli, the measured radiance has to be divided by
the transmirnivity of the atmosphere.

4-16




1.5 - 4.5 ym

The e voectru fadfcrted 11 "hits regloa 1s probacly die to U
neise in the tnstrument. This 15 also apparent in the caiibration. as
can be seen in Figure 4.4. YHowever, the mean lcvel of the noise can he

interpreted as Jue ‘o soot cnisslon.

1.75 - 2 jin

This region is dominated bv the 1.87 ur was.or (and some CO,) o' -
sorption band. The shape of tne spectrue agree. W th known atn;spheric
apectra, but not with the ztmospheric ahrsotption tab.cs fudicated by
Hudeon (1969). According to Plass in 1.K. Handbhook (Ref. Wolfe, 1965),
the equivalent total absorption bnnduxdth. at 1.8 ye 18 0.12 ym. In
fact, it is seen from the data tnat the totally absorbed band has a width

abcut this value.
2.0 - 2.6 um

Since most of the water vapor and CO_ emissions from the flame are

absorbed by the same species (n the nrmoaihore before reaching the spec-
trometer, most of the spectral record obtained (Figure 4.7) can be inter-
preted as indicating the luminoun soot emissfon moditied by atmospheric
absorption. The most probable soot emission {s Indicated in Figure 4.7,
The puak spectral intens{ty duc to soot eminsfon is probably within the

2 im to 2.1 i wave lengtha., It {8 scen that the soot {s assumed to
be a grev emitter, 1ty temperature s between (w530 K ard 12060 K. The ab-
sorption between 2.2 - 2.5 ;m {s probablv caused by hydrocarbons (butane,
propane, ethane, and methane) at an intermediate temperature. Considering
the probable soot line Indicated in Figure 4.7, and the actually cbserved
spectrum, it is scen that the minimum transmission is about 70% through
the atmosphere. This occurs at 2.35 ,m at the above wave length. There-
fore, if the absorption were due to low concentration, <¢old hydrocarbon
gases one would see more line Atructure than has been obhserved. 1t can,
therefore, be inferred that what {n observed ts due to hot (< 1300 K)
relatirely high concentration gases, which mav be optically thick. We

are unable to explafin vhere these gascs may be located in the flame,

For the amount of precipitable water vapor (2.3 mm) contained on the
day of the experiment between the flame and spectrometer.
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2.6 - 4.3 ym

This region 18 dominated by the total absorption water vapor hand 't
2.7 ym. As can be seen from Table 4.2a, the total absorpticon bandwidth
is about 0.5 um, (for 2 mm water). Hence, one expects the "well" to
occur between 2.45 um through 2.95 um. The actually obscrved "well' i
only between 2.55 um - 2.75 um. The spikes of emission scen on both
sides of the absorption band at 2.7 um are the partially absorbed hot
water vapor emissions from the flame., These penctrate through the ab-
sorption band spectrum of cold water vapor in the uir to some degrec
because the gpectral line positions for het and cold water vapors do

not precisely coincide.

Sharp methane Jines at 3.2 and 3.1 i m are probably o' atmospheric
origin rather than due toe methane vajors penerated by 1NC vaporization.
Also noticed {8 a bhreoad absorption band betveen 3.0 and 4 .m.  The ab-
sorption in the 3.0 - 3.9 um can be {dentificd as due to intermediate
temperatures, high concentration optically thick hvdrocarbons. The bands
are nearly "bottomed” and no line structure fe present. it s possibie
that the .ot radtation in this region s almest completely absorbed and
=hat we are seeing {+ the emfssfon from war~ hvirocarhwm (prepane, ethane,

ard butane) gases that are prdeaily thick,

The region between 3.9 - o Lm {a very interoenting in that §t ex-~

.A]
Mibits no line structure at all (note the spectral resolation iy 7.7 cm

By

cr Lol x 107 um). Also, the trassmisstsity for soot 1aciation seems to
e abtc gt 0L, Tote absorption me<t »e doe to coid hyarocathen gases

yossibly wn o the oatade o the 1 mee,

Finall-, {n *his verdfon the srtonaemeed olage wpixe’” {5 noticeable
at 415 ame This fe due co ber D emtasion Tiaes not occupied by cold,

atmepheric, CO, ahsorption line..

.3 = 5.5 ym

The atronges* f”z emis:.on and atsorption ban's are centered around
4.3 um. The wvectral bao G asro cated it the atrospheric CO, absorba

euch of <he eneriy emitted v hot €0 ot g the {lame . However, as

“-1h




T

ke s cgiperie

indicated tn Tah'. 4,21 the bandwiith for total abeis of o, tor a i m
path throwph che atmosphere {8 ahout 0.2¢ sm. Hencr, rov €O cdtssion
from the flame in the 4.1l4 um - 4.32 um should be absorbed c;mpletely,

au is indeed noticed {r the tpectral record shown in Figure 4.7. The
total bandwidth for CO2 emisaion from the flame at 4.3 um 18 dependent

on the flame temperature and the partial pressure - beam length product.
Neither of chese quantitics was, however, measurcc Rat it cau be stated
qualitatively, tha: the enission bandeidth 3t tlame t{cupoerature 8

ruch larger than the atwosvheric absorptiin pandwiuin Hieace, sowe of
the CO

recorded at 4.6 um., The thermal emission spectru. from the vibrational

2 emission will get through. This {8 fndcod oubuorved with a peak

band of hot CO2 is distorted corstiderablv “y wiater vapor in the atmo-
sphere, beyond aboat 4.5 uwm. The region between 4.5 and 5 um {s commonly
referred to as the "rod spike'” and 1s seen in manv other atmospheric

measurement s,

At about 4.6 um the atmosphere 18 relatively transparent. For the
spectrometer distance, the atmospheric transmissivity is 0.82 (nee Table
4.3). The apparent epectral radiance at the ahove wave length is 7.25
kW/m” sr ym, which corresponds to a black body temperature of 1425 K.
Accounting for the atmospheric absorption, *the flame spectral intenaity
at 4,6 um 18 8,83 kH/m: sr um which corresponds to & black body of
1550 K. The true temperature of the flame, is of course, greater than

this temperature {f the spectral emissivity of the €O, at 4.6 .m {s

2
less than unity. This calculation seems to indicate that the vibrationsl

band emission of CO, 18 in equilibrium with the thermal motions of the

~N

m-laculea in tha flame. Aa mRuch. assigning a "temperature’ to the flame

18 valid. This aspect is vovercd {n the Discussion Section.

From 4,7 um, a strong water absorption band with a resolved line
spectrum begins. The atmosphere becomes completely opaque at about 5.5 um,
According to Plass (Wolfe, 1965) this water band is strong enough to be
opaque even at water concentrationg much below 1 mm of precipitable
vater. Radiation in this wave length range will be absorbed completely

in tens of meters rather than hundreds of meters.
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]
5.5 um = 25 um
No spectral data were measured in regions beyond 5.5 um, In Flgure
4.8 the percent of total black body energy emitted within a given wave
length is plotted as a function of the wave length with temperature as a
parameter. It 1s seen from this figure that the fraction of total energy
in wvave lengths bevond 5.5 .m rauges from about 26 at 1100 K to about 142
at 1500 K. The atmogphere is practically opaque (water absorbtic.. band)
in the entire region 5.4 um throuph 7.4 um (Wolfe, 196%). The second {mpor-
tant absorption band 18 one due to CU, at 15 um. For a 300 m path through
the atmosphere the complete absorption bandwidth centered at 15 um ia about
1.5 um (from 14 to 15.5). Finallv, there 18 a significant H,0 absorption
between 20 1 m ani 23 .m with total absorption bevond 3 |.m.
4.5.2 Changes in Spectral bata with Burn Tinme ‘
1
A review of the twelve spectral records (piven in Appendix D) taken H
at 5 scvond {ntervals starting from about 5 scconds after {gnition of the i
]
LNG pool indf{cates the following features: ;
1
. i |
1. The €O, eriasion {n the 4.3 . m band dominates the emission in [
. |
the earlv stages. As mueh as 45% of total energy recefved by [
]
the spectreometer 1% accounted tor by the €0 band, ; i
’ i
2. The soct emission gradually {ncreases and dominates towards the : 1
PR
end of the tire lite. This rav be due 1o the increased luminous ; i
goOt formation by the combustion of propane, butare, and ethane i i
: 2
durtnyg the final stapes of the NG (e, In tils test, the LNG L
]
wag about 75% methane, 197 o hane, and T opropene, ‘
3. The sBtrongy Jasrntfion bands doe teoan o coter baver of Livdro-

carhons, seen {0 e rlv ogapectral recordsa, disappear completely
during the last 15 asecond: of bhurning. The firesv to disappear
{4 propane - butance ahsoyptiop at about 15 seconds before the

r

end, tollowed by that of erlane, 5 aeconds later,
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To compare the relative importance of CO? emisslon and lumfnous soot
eaission received by the spectrometer, their ratdo is plotted versus burn
time, This is shown in Figure 4.9. The area under the measured rpectral
curve between 1.5 and 4 um is assumed to represent the radiance due to
soot.* The area under the spectral curve beyond 4 im {8 assumed to he

due to CGZ. It 1s seen that the CO | emissfon relative to that of soot

increases up to about 30 «econds; subsequently €O emission

Also observed (s a sudden jump in 1he spectral

is lower

compared to that of soot.
intenaity of the soot, by almost 502, between scan #83 (at 35 seconds into
the burn) and scan €9 (at 40 seconds).

pictures do not exhibit anv noticeable differences between 35 s and 40 s.

The visible flame in the motion

One possible explanaiion tor such a sudden {ncreace in luminous

soot emission could be the burning of {ncreased quantitics of echane

and propanc. It has heen found {n other experiments in the lahoratorv

(Valencia and Reid, 1979) that during the boiling of ILNC on water, the

rate at which different fractions cvaporate changes drastieallv. Ini-

tlally methaie cevaporates preterentdallyy After a certatn duration of

time  the methane fracrfen in the caper Jdecreases ractioally, and there

is 8 sudden {ncrcase fo cthone tractfen, Simiparly Tter most of the

3

cthane s cvaporat-d, the Srtopane ctartn te o vaperieses dhis phepoamenen ot

prefoerentfal cevaporal fon ~hould alao be occurring in the case of the pool

of LNG on tire.

.53 Estimation ! Soot Temperature and Fmissivity

———

15

Except for the 0 hand ermtaaian at 4.3 v, the vest of the encrgy
p N 18

received by thoe sovctrometer can be construed to be due te the louminous
¥

soot emfssion modificd ov the atmaspherfc abzorption.  The water vapor

emigsicns from the flame are almost completeiv absorbed in the atmo-

sphere, The {nspection f scan 56 apectral record (shown in Figure 4.7)

does not give direct injormation o the sovt conditions, 1t {s ditficult

*
The choice of 4 rw i somewhar arbitrary, However, aince the purpnse
of fiqure {8 Lo filustr te the relative strengths of soot and CO,
emfasion, this arbftrariness ¢ not expected te affect the concli-
aions.
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to estimate the magnitude of maximum apectral intensity from the soot as
well ag the location of this maximum., We have, therefore, tried to fit
the observed soot radiation by comparing it with grey body emitters of
different temperatures. In Table 4.4 are shown the assumed soot temjera-
ture, the wave length at which spectral intensity is a maximum, the mag-
nitude of maximum apectral intensity of a black body, and the estimatad
soot emissivity., In Figure 4.10 the comparison hetween the emission

from grey bodies at differcnt temperatures and the obscrved soot spec-
tral radiance are comparecd. The theuretical curves are all normalized
with respect 1o maximum spectral intensityv. These vurves are generated

by the Planck cauation (soe cguation 3, Appendia Ay,

As can be secn trom Higure 4,10, the lumincus soot temperature cannot
be estimuated very prectdelv. Our cstimating technique s hased on noting
the wave length at which we think the peak intensity from sovr {8 located
and comparing this with the wave lengthi at which maximum intensity occurs
for a theoreticai grev bodv emission. We recognize the difficulty in
this judgmental procedure and also the fact that atmospheric absorptivicy
ifs not a constant over the wave length reglon of interest. However,
recognizing the above uncertainty, it can be argued that the luminous soot
temperature is between 1300 and 1400 K. From Table 4.4 we see that the
calculated luminous soot emtssivity in this temperature range varies beiween
0.28 and 0.19, respactivelr. In this calrulation, it is assumed that the
value of peak spectral radiance b erved {n the luminous soot emission is
4.27 k\i/m2 RT LW,

The above values for the luminous <oot emissivitiee are somewhat
greater than the valae of 0.1 suggested Yv Hottel and Sarofim (1967, p.

247) to account fer iuminoan soot emisaivities In methane gas fired fur-
naces. It 19 posaible tha (n diffusion flames tn the open, a larger

fraction of the fuel forms soot, hence higher w0t emissivities.

The sont emisuivity indicated in Table 4.5 vefers to the value
at peak tadfarce (orrespornding to the tempergture chosen. It is, how-
cver, knowm tor hvdrocarhea firea that the root emissivity does change

with wave length (Burgess anl Herizberg, 1974). The spectral emimgaivity
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ey

of soot varie: as 3

: -0.77 ‘
E . , :
Y, oAcot l (4.1) ‘

1f this relatinnehip i applicable, then the spectral emissivity of the
soot (in scan #56) at a wave lengeh of 5.5 um, and flame temperature of
1400 K will be 0.09 {nntead of 0.19 as indicated in Table 4.4,

The var! ticen of estinmated soot emisrivity wicth burn time 1i: y¢!ven in
Table 4.5 for (assumed) ditferent flame temperatures. It is intercsting
to note that the soot ewinsivity increases trith time. This may be & re-
qult of the huming of higher hvdrocarbon fractions such as ethane,
propane, aud butane, (The varfation in the spectral characteristics
with time was discumsed in Section 4.5.2.) This observation of increased
radiation from the f{lame with time 18 also indicated by the narrowv angie
radiometer data (see Chapter 5, Figure 5.17), We note, however, that both
fastruments were looking at the lower sections of the flame where sig-
nificant soot formation may not occur, compared to the middle and top

sections of the flame which may have rclatively high soot concentrations.

4.5.4 Estimation of Flame Emiasive Powver

The estinated field of view of the apectrometer and the portion of
the LNG rlame in the fledd of view are shown {n Figure 4.5, It 1s not
certain as to how much of the reflection of the flame in the pond water
vas ''seen' by the spectrometer. It ia conceivable that the lower half of
the field of view {ntersected some land also. Because of these uncer-
tainties the exact area of the flame (emitting radiation) seen by the
spectrometer cannot be ascertained. For the purposes of evaluating the

flame eminsive power we ansume that only that part of the flame area above

the vater surface reen by the spectrometer radiates the energy intercepted

by the spectrometer. Hence, the radiating srea of the flame (A,) 18
2 f
17 x 16,4 m v 213 m".

ihe flame emissive power (E) {8 now calculated using the gquation:

2 (4.2)
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TABLE 4.5

VARIATION OF ESTIMATED SOOT FMISSIVITY WITH TIME
FOR DIFFERENT ASSUMED FLAME TEMPERATURES

Assumed Scot Fmissivity (LE) Obtained from Spectral Scans
Flame
Temperature Scan #47 Scan # 56 Scan £ 9.*
(K) (15 8 after burn) (20 s after burn) (40 8 after burn)
1200 0.30 0.42 0.58
1300 0,20 0,28 0.139
1400 0.14 0.19 0.27
1500 U. 10 0,14 G.19
1600 0.07 0.10 0.14

* The spectrum does not change significantly between that at 20 s (Scan
#56) and that at 3% & (Scan #h9),
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where Nx 18 thy spe tral tnrenfa' tymasured Yy the spectiometer (kW/ay uw)
at vave length A (.m), and : the tolal atmospheric transcissivity between

the flame and the spectrometer.

hlnpplying equation 4.2 to the measured spectirometer data we recognize
two problems. The first iu the fact that spectral data are available only
in the 1.5 - 5.5 :m wave length range. Therefore, any eatimate of the
emissive power is probably lower hy about 252 when (ompared te the actual
emiesive power (see Figure 4.8). The sccond and perhuap- the more serious
problem is the total absorption of water band emissions (1.87, 2.7 ym) and
the partial abaorption ot (O, emisgfon (4.4 m). Since the epergy reccived
by the instrument {n these b;ndn iw esmentially zerc and since the atmos-
pheric transmiasivity for the path length to the spectromcter is also zero,
the integrand in equation 4.2 hecomes indeterminate at the above bardas,

The physical wmeaning of this result im that the actusl emission intensities

in_thase bande cannot be estimated using the spectrometcr data.

4.9.4.L Appavent Emissive Power of the Flame

Yor purposes of {llustration and to compare with the emissive power
cAlenlated from raafometer data, ve have estimated the "apparent™ flame

enispive power using the formula:

J[W.Sum
N d"
IR T8 SN (4.3)

E
apparent Af =

wvhere the integral represents the area under the apparent {atensity - wave

length curve (measured in the experiment) shown in Figure 4.7. The term
T represents the mcan atmsospheric tranemissivity excluding the 1.87, 2.7,

and 4.3 us bands.

For the apectral data of acan #56, the total area under the spectral

curve {e equal to 1820 kW/sr. Therefore,

Apparent rvadinnce of the

fire* (besed on energy 12 .
received vy the apec- " ayy " B.55 kW/m° ar (4.4a)
tr mater). '

s ot ar 1w i e m e e e = -

* radiance » eminsive power in a unit solid angle.
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Apparent emissive power

8.5% 2
F =« (corrected for abeorption = 2222 X0 e 35,8 kMW/m
.75
in the atmosphere not in-
cluding H,0 and coz)' (4.4b)

4.5.4.2 True Emissive Power

e > e+ ————r———— =

Tie true emiusive povwer of that part of the fire seen by the spectro-
mcter may be cstimated from the information contained in the 4.3 um CO2
band., The calculation is Lased on the principle of estimating the par-
tial preasure path length product (pl) for CO, in the tlame using the
observed emisstion, This {nvolves cnlculatingﬁthv enesgy in the 4.3
1.m band emission abmorbed by the intervening atmosphere, adding this ah-
sorption to the meanurec (recefved) energy and then estimating the mag-
nitude of emission from the flame in the above band. The band emlssi-
vity {8 then calculated for the ausumed {lame temperature and hence

the (plL? can be catimated. Once this {+ done, the (pl) and

TGO Hy0*
total emfasivities of €O and H,0 can be odrained from Hoteel's charts
£ “

{Hottel and Sarofim, 1967). HWi{ith estimated values of moot emiusivity

(Tahles «.& and &, %) the true erf{esive power o! the tlame § calculated.

The calculation eof (m? partial pressure 11 the flame from the known
4.3 11 band energv received and the assumed flnme temperature is tedious.
The calculation gprocedure (a4 {llusatrated in part 1 of Appendix B, The
calculation methodology s in part an inverwe procedure to that devaloped
bv Edwards and Balakrishnan {19°3) for eatimating total emienivitics
of gaaes from known (pl) values for individunl apecies and the temperature

of gases. Th. uncertaintles {n the calculation and the sensitivity of

the rerult to certain par wtern are also dircussed in that appendix,

The conclusion from the ralculation indicated in part 1 of Appendix
B ia that the flame tewmperature should be assumed to be 1500 K and the

royxresponding partinl pressure of CO2 in the flame should be assumed

This value fs obtafined bv aviraging the stmospheric transmission
curve indicated in Figure 4.7. Note, however, the bands 1.87, 2.7,
and 4.3 are not included in the avaraping proceas.
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to he 0.094 utm  (wee discusstione In p&rr 1, L ppadin B).

Based on the above 1eaul' and iuvoking the 1elaticenship that the
partial presaurc of n;n ia twice the partial pressure of 002 in the com-
bustlion of meihaune, we aave c.timeted the emissive power of t(he flame.
The result i{s obtained by using the emfimsivity charte of Hottel and

’

Sarofim (1967) awd {3 {llustrated in Table 4.6, The ealseion per uuit

nominal area of (he f . uoe 1s (al.uiated to Le 175 Lk/nz. This value .
el

to be comparcd with the apparcit emlnsfve powes of  Jo kW/w” obtalned

eariier.

The above two tmbers indicate the tmportance of the absorption
by the water vapor COI and other gases In the atmcaphere. Calculations
bases on the methods of Fdwards and Balakrishnan (1973) give for the
atmospheric absorptivity over 236 m diatance a value of 0,285, Using
Hottel charts, this number is 0.33. Therefore, the apparent flame radi-

ance as merasured by the spectrometer should be:

Apparent - (Fh/“) x l'C,M g - gatm]
radliance

207
= (/=) [(0.35 + 0.19 - 0.07) + 0.14 - 0.33}

»
e 25,6 kW/m” sr

Based on the integration of spertral data, the apparent radiance is
B.55 kU/mz st {se« equation 4.4a). We are unable to explain this signifi-
cant diacrepancy. Absorption by atmospheric Rases other than water vapor
and C02 may account for considerablie absorption over the 236 m path length.®*

However, the magnitude of the abaorption seemsa to inexplicably large.

The partial pressurc valucs used for the C02 and H20 are their
stoichiometri. values for the combustion of methane {n afr., In reality,

these partial pressures mav be lens than the astolchiometric valuea due to

et i~ s aem e

* This {s equal 1o the value of CO, partial pressure corresponding to
a stofchiometric combustion of methane in afr.

*% It has been suggested that the steam produced by the cvaporation from
the pond water surface (due to radiant heat from the fire) may account
tor additional ahsorption. This hypothesis is unacceptable because (1)
the ateam produced would he sucked into the fire and (11) radiometer
readings vere not afiect.d significantly.
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excess alv entralnmert. Since no 1rect measurem uts were cade of the

50: and h20 conters  within the t1re, 1t 1s 2ot | wmsibds ty - valuate
whether the as-ampiiin of sto'~hicmetric values arve ‘art it 1alue.  ilowever,
this assumption leads to the maxi am cnlexivitiecs for the species tor a
Riven optical path length through the fire and heace may be a conservative

asgumption.

The results froem the spectral caleulations on ¢ eMeting the flame
temperature and COL carti ! prestare are applicd o rectating the valu
+f the radiant flux at the locaticn of one of *he wide-angle radlometers.

These calculations arve {ndt- ated {a part 2 of Appeadix b,
4.5.5_ Comparison with Other LNG Flame Spectra

A teview of the literature indicated that except for the AGA teat data
(AGA, 1974) no spectra have been published for methane-air diffusfon flames.
The AGA test data were obtained for LNG fires on land; the fire diamcters
wele 1.8 m (6 ft), 6 @ (20 tt), and 24 m (HO ft). A relatively slow
scanning grating spectrometer wan uked in these experiments. Hence, the
spectra measured were severcly atfccted by {ntensity fluctuations in the

flampe.

A comparison of the flame radtation spectrut mcasurced in the current
serien nt NWC and rhose obtained fn the AGA tests 18 whown In Flgure 4.11.
The NWC data {s from scan #56, corresponding to about 20 s after ignition.
The AGA data plotted are the ones from the 1.9 m diametar test (ASA test

ING 023) and ¢ r diameter test (AGA test # ING 019). The spectrum
“‘rom the 24 7 diameter test s not given in Flgure 4.11 because valid data
‘sere not obtained.* In the AGA 023 test, the sprctrometer was located about
14 m from the center of the dike and had a 32° {(full cone) angle view of
the flame. The wean flame height was about 3.7 m. The {i¢ld of vicw was
not filled by the flame ~ on the contrary, the entire flame was visible
within the field of view. 1In the AGA 029 teAat, the spectrometer was 316.5 m
ficm the center of the dike and had a 25° (full cone) angle view. The mean
flame height was about 16.75 m. The field of view probablv covered the

entire hel{ght of the flame.

The ardinate shown in Figure 4.1]1 {8 in the units of flame spectral

”
radlance (kW/m~ sr .um). The spectral data in the AGA report (1974) are

* In the ‘4w oxber(mant, prermature {gnition cccurred and the spill truck
tires burned producing a verv dark, sooty flame,
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a
indicated 1a the arded o1 spe wral driacaace H\ WWoom) oot 1 WAl of

of the specirometer. These are couverted to appurent flawe spectral caclanve

by using the foirlowtng equaifon:

H. X2

A 2 -
1x(upparenl) LR (kW/m” .m ar) (4.9)
4%
f

Where X is the distance to the spectiomeier oo ae 113me ve er an

fte the tlame profectad ated seen 0y the npe 1 vater,

The value of 11l gcale apparent intensfty in e NWC spectrum 1s 200)

-~

kW/sr o (see Section 4.3.20) which on the banix of “1sa” of flam drea
translates to the spectral radlance of $.40 ku/m: sT um. All the plots
shown in Figure 4.11 are on the bastg of "appnrent'” flame apectra) radiance.
That 18, the correction for transmissivities in the atmosphere over the
various distances to the spectrometers in the difterent experiments, have
not been included. While t !« mayv cause some error in comparing the re-
sults, the magnitude of thu error is expected to be small because the
atmosphere {s emsentially transparcnt (cacept in H20 and 602 bands) for

the distances where the spectrometers were located,

Tt {49 seen frem Figure 4.11 that there is reasonable agreement between
the NWC gpectrum and the two AGA spectra. There are aome significant
differences also. The resolution obtained in the NWC spectrum is gignifi-
cantly higher than in the AGA spectra. The NWC apectrum (13 m diameter fire)
scems to agree more c¢losely with the AGA, 1,8 m fire mpectrum than with the
AGA » m fire spectrum. However, the apparent wpectral radiance in the NWC
test seems to be higher., If the atmospheric transmissivity effect is taken

o - — L4 o
(RN SAANTENTES 2

| S, Thd
HEL @ FPRIP Y ]

into accouni, the WW(l spevital fadisnce values will
fs because the absorption {n the atmosphere over 236 m distance in the NWC
test would be much more than in AGA teats wherc the spectrometers were only
14 » and 36 m away respectivelv from the 1.8 m dlameter and 6 m diameter
firea. This fudlcates that the NWC f{re was much more radiative, It is
possible that the higher radfance is a direct consequence of the preater

optical depth itn the 13 m fire,

[0— }‘1




The strong water band absorption at 2.7 um is noticed {u all three
spectra. Considering :hat the spectrometer for the AGA test # 023 (1.8 m
diameter) was only 14 m away from flame center, the water absorption in this
band is very significant. Similarly, the very strong CO2 absorption at 4.3 um
is noticed in all three spectra. The CO2 emission peak occurs at about 4.6 wm,
in both NWC and AGA 6 m fires. In the 1.8 m fire the peak {n this bund occurs
at 4.5 um. Also noticed s the significant differences in the apparent peak
spectral radlance of CO2 band. As explained earlier (see Section 4.5.1) the
temperature corresponding to the observed C(‘2 peak at 4.6 um in the NWC
spectrum is about 1550 K. The peak radiances in the AGA spectra at this
wave length are almost one half to one third (in the 6 m and 1.8 m fires,
respectively) the peak in the NWC spectrum. The conclusion that caun be
drawn from this comparison is that the 1.8 m and 6 m AGA fires were not

optically thick.

There atre other f{mportant differences that can be ohbserved in the three
spectra. [t ia surprising that there is better agreement between soot
eminsions from the 1.8 m AGA and the 13 m NWC fires in the 2.8 - 4.2 um region
than between the 6 m AGA and 13 = NWC fires in the same wave-length region.
In this region, the 6 mw fire soot cmissions are not only congistently higher
but also there is a spike at 3.4 . m. This has been attributed to a "possible
hydrocarbon emission” (AGA 1973, Section H.). Also noticesble 18 the sig-
nificant difference in the 1.5 - 2.5 m region between the 6 m AGA and 13 m
NWC spectra. The high spectral intensities indicated In the ACA resnlts
are suspect. The 1earons for the very high intensity close to 1.5 um
At ot obvious to us. e possible explanation s that the spectrometer
maliunctioned in the lnwer wave-length reglion. However, it should be kept
{n mind that the AGA spectra presepted in the report (AGA, 1974) are the
"averaged-over-a-large-number-of-scuns’ lines. The finc structure of the
spectrum seen in NWC data 1s not available for the AGA data becaune of the
way in which the spectra were obtained in the AGA tests by “averagin,’' data

from ditferent ncans.

s



4.6 DISCUSELY

The spectrometer usmed in the experiment had no fore optica. The use
of fore opt.ce would focus the fleld ot view on the detector condenser
lens, rather tha on cthe detevtor itself. The detectoy, in turn, would
image the exit pupil ot the fore optice on thi detector. In the experi-
ment the flame did not completely fi1) the field cf view of the spectron-
eter (sce Figure 4.9). Untortunstely, since the fore optics was not used
and the unitformity of sensftivity of the detector over its entire area is
uncertain, it s posaible that anv minor misalignment of the spectrometer
which shifted th {uwape of the flame in the ficld of view may contribute
to the variatfon of signal ocutput, We are unatble to estimute whether the
spectral data {nlcved had errors due¢ to the above misalignment problems.
Huwever, based on the danalysis of the data, 1t seems highly unlikely that

such errors were present in the apectral data.

In scanninyg Michelson {uterferometers, a phenomenon called "aliasing"
occuras when the signal source fluctustes in intensity. I1f the fluctuatione
happen at frequencica at which the fringea occur in the scanning interfer-
ometer, spurious spectral features appear in the spectrum. The detector
output frequency and wave number are linearly related for a given airror

velocity:

f = 2 , v (Ho)
v = mirror velocity {rm/sez)

L w ]1/)V @ wave number (cmhl)

A mirror veloctity of 0.5 cm/sec waam used to cover wave lengths from 1.5

to 5.5 um, leading to {ringe frequencies at the detector of:
1963 < f <« 7200 (H2)

Flu-tuationa 1n the flame emisaion are principally due to small scale
turbulent eddies. The frequencies of these flickers are significantly
lower than the above altasing l!imita. Hence, aliaoing cannot be expected
to be a problem. The spectrometer, however, seems to have significant
noise in the wave length close to 1.5 um. This can be clearly seen from the
calfbration curve in Figure 4.4. The resulis from other wave lengtha are

accurate because of the high scanning speed (0.58)of the spectrometer.
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The eingle important feature of the measured spectra is the total
abgorption of the 1.87 um, &and 2,3 um water bande as well as the partial absorp-
tion of the 4.3 um €O, band by the intervening atmospher<. Because of
this absorption (and the consequent loes of vital information) the true
emipsion charecteristics of the flame cannot be ascertgined. Only Indi-
rect inferances can be drawn using the available record. Such an indirect

approach has baen utilized to bracket the soot temperature in the flame,

Soot temperature is estimated to be between 1300 K and 1500 K. More pre-
cise evalustion cannot be wade because of the relative ingenaitivity of

the wave length for maximum intensity (see Table 4.4) with temperature.

Also it 1is uncertain as to where the maximum soot emission intensity is

in Figure 4.]10. The soot emissivity calculationa shown in Table 4.4 indi-
cate that it is in the 0.25 to 0.14 range. We do however notice thatr the
soot emissivitv increases with burn time increasing for example, from 0.14

at 15 8 to 0.27 at 40 s after ignition (see Table 4.5) for an assumed

flame temperature of 1400 K. This mav be a consequence of the increased soot

formation by the combuetion of ethane, butane, and propance fractiena {n the ING.

There 18 no a priori way of estimating the luminous soot emissivity.
Hottel and Sarofim (1967) suggest that for radiation calculations from
gaseocus flames the eftect of luminous soot radiattion can be accounted for
by increasing the gas cmissivity by 0.1. The inforence from present measure-
ments on soot emissivity imply that soot emissivities lie between 0.1 and
0.2. This result i{s in disagreement with the conclusions from the AGA
experiments (see Section G, AGA 1974) {n which the soot emiasivity was
eutimsted (from radlometer data) to he close to unity for flame sizee iar-
ger than 3 o diameter. The AGA data indicate that between 60 and BOZ of the
energy received by the spectrometer {n the 6 m test was at'*ributsble to soot.
This does nut, hcwever, give anv indication of sootl emissivity because the
energy radiated by H20 and 002 and later absorbed by the atmosphere is not
precisely known. Therefore, the question of the magnitude of soot emissivity

rezalins unresolved.




The 4.3 CO. erigaton band 1 all of the spectr: 1s quite prominent.

[t 48 argued by Hottel and Sarofim (1967, p. 205) that becausce the average

10 s ard the relax-

1

collision time between molecules is of the order of 10
ation time for excited vibrational energv levels {8 of the order of 107

-1
to 10 ° geconds, the chance of not having redistribution oY vibrational

energy into translational energy ie small. In effect, cquilibrium

exists in a flane and the term "lemperature” is meaningful.

The appavent opectral ;adlance at 4.6 :m corresponds to a black hody
temperature ot 1,425 K. If the atmorpheric absorption correction is taken
into account, the effective temperature is found to be 1550 K. This cal-
culation of course assumes that the line emissivity 1g unity. The impor- 3

tance of this calculation is in indicating that the CO, emission 1s also a

SRR Cobiaz

thermal emission.

The enlssive power ca.calation indicated in Section 4.5.4.2 and des-
cribed in detail in part 1 of Appendix B {s probably the only way of
determining the cvnergy emfssion from the flame using the present spectral
data. The principal difficulty arisnes Jue 1o the complete absorption in
the intervening atmosphcre of the water vapor emissiona and partial absorp-
tion of CO. cmissfons from the flame. The method {ndicated in Appendix B 1
is quite n;nuitixy to the {aput Information, especially to the value of
4.3 um CO, band enerpv recedved by the spectrometer after attenuation in
the ntﬂms;hETe (for a detatled discusasion on this sce Appendix B). It has
been argued 1o Appendix B that the spectral data, both luminous soot emis-
gsion and the 4.3 m co, band emission could be adequutely described by a
1500 K flame and the combustion occurring under stoichiometric conditiona.
That 18 the partial pressurea of CO2 and H20 in the fire hsve their stoichio-
metric values corresponding to the combustion of methanc in air,

Based on the 1500 K fire, satoichiometric combustion and observed scot
emisslvity corresponding to 1500 K (Table 4.4) the LNG fire emissive power
19 calculated to be 175 kw/m2 (sec Table 4.6). This aprees remarkably well
with the narrow-angle data for test #5 (see Figures 5.23 and 5.24) which

are described {n greater detatl in Chapter 5.
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The wide-angle radiomeicer data for the same test indicated higher
emigsive power than the above 175 kk’/m2 (see Section 5.4.31. Also a cal-
culation has been made in Part I, Appendix B, using ‘lame characteristics
determined (by using the spectral datz) rto estimate the radiant flux at the
60 w location of a wide-angle radiometer. After accounting for the various
band ebsorptivities 1n the atmosphere for a weighted path length of 40 w
(see part 2 of Appendix B), the radiant flux at the wide-angle radiometer
position {s valculated to be B.b kH[mz. The measurcd flux fs close to 1H.4
k\vl/mz. It 18 very difficult to explain this significant diftercnce. However,
certain arguments can be made to explain why the wide-angle radfometer reading
could be higher than that caiculated. The spectrometer {s zimed at the Jower
position of the flam where soot concentrations mav he low and consequentlv
the luminous soot emissivity could also be lower. It {s entirely poessibie
that middle and upper parts ot the flame have higher luminous scot concen-
tratfons. Since the widge-angle radiometer recefves cvnergy from the entire
flame (in contrast to the narrow-angle tadiometer and the spectrometer), 1t
may recefve caergy tiom the flame which has hipher scot emfssivity.  We do
note here that visithle motion ploeture records do not {ndfcate any stpgnifi-
cant varfativa of (he flame briyhtness with netphe,  Te 4s, of course, hiqghlv
unlikely that the svot emisaivity will 1ncrease with height din the flame
to such an oxtent g3 to gubstantially fncrease the radiative emission from
the top parta ¥ the flro. It iw urfortunate that spectra from different

parts of the flam (with hedshit) wore ant weasured.

Tie ameant of vy e sy e e e caloutated from the spectral data
ism found To B neplupithte, Btu mas he o keepise with the fact that the
chenfcal reaction beraven 4 fael viror and crvpen noair ovcurs enly a
stolehiometrie conditions. it s roted, howeve,, that the laboratory scale
experfment: of Tuoran U T 1965 ave showe bt the ters) mass of afre
moving vertically up over the entire horfzonta® « (tfon in kpace cortespoan-
ding to the ton o3 che tlame s oot an order of maznitads larger than the
stofchivometric salve o Theman eor o1, d8d oot fafer that this was the value
of atr entrained with & the ctsable {jace

* ecapecially gince the sare moldel overpredicts tlux at 236 n.
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One of the tareso'ved queatice s that was  ves 'te! o the spectral

data is the absorption of noot radi«tion by warm, cptically thick hydro-

carbon gases. We have heen unable to explain whero in the tlame thuse

' ‘- . Yoroeg ‘ [ TR
gases are and how thev absorb soot radiatt o, o7 the pliresteat plotu
of a core of warm fuel vapor fu the fire purroanded by & redction sone

(flame) contatning luminouns soont - b capialt the o ave discuased absop-

tion.

L1 _CONCL s

The sigutficant conclunions trom toae awmlsd.s oy e o ectral data are

the following:

1.

The flame temperature cannt vo detersdlicd preciaels, but {t {s {n

the range of 1300 K - 1500 ¥. Thix {8 e¢stlmaied from the loca-

tion of peak soot cezisston. The caliulations based on 6.3 @ CO,
L3
band emiseion f{ndfcate *nat the temperature is probably closer to

1500 K.

i ]
]
The ING flame, for the size investigatod (13 m diametoer) is a v
band emftter with significant emissions {n the H,0 and €0, bands,
Water vapo: eminnlon constituten about 503 of the total, (O
about 5%, and the remainder by the woot,
The flame ecmissive power ftotal energy emitied per unfe sominal
N .

flame aullace Aarea) fa about 170 «w/m° . s value agrees well

with eptimaten hascd on otlel meassrenent s (nart w-anyle radlometer)., !

EsZimated soot emiusivitica during the mat o part of burning time
are in the range of 0.14 te 0,19, Thene are mach lower than fhe
0.5 to 0.6 reported 1 the ACA experfments, Soot cmissfvicw
increasen towards the end of the buining perinod. At 1500 K the

saximam soot eminaivity ohaerved s 0,19,

For a given dintance the atmospheric traatiaaivits for the LNG
flame radiation {8 much lower than feor a radfation from a hlack
bodv with the sasw emissive power. This 1g due te the band emin-

slon from .0 and (0, In & LNG fire and the rtrong abasrptior by

the same specirr in the atmoaphere,




Actual atmospherlic ahsorptivity is greater (by almost a factor of
two) than that calculated based on principal HZO and C02 bands,
This may be due to the e¢ffect of other weaker bands and alsu due
to other gases. However, the magnitude of this absorption is

inexplicablyv large.

1f, as spectral data suggest, the flame {s assumed to be emitting
at a temperature of 1500 K and to contain sato’chiomet ric quanti-
ties of water vaper and CO,, and {f water and CO, absorpticn in the
atoosphere are estinated using standard methods, flux estimates do
not apree well with experfmeantal data. At s distance of &0 m the
data froms the wide-angle radfometer indficate more than twice the
radtatton sredicted; at 235 m the specirometer reccives about 1/3

the radfation predicted.

While a Bodel describing flame emisaion in terms of soot, water
vapor, ani €O, mpecies shonld provide an dmproved descript!on of
radiation from an ING fire, not cnough spectral data are yet avail-
abiec to detine the characterintics of such a model. The role of

unburned vapor in the core o1t the fire plume, {f anv, mavy have

aignificant cffect on the radiative chara terisgtics.

Y

it
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5.1 _INTRODUCTION

. aNALSI

¥ FooL FIRES

In the past, hazard moogel o do co cap aermal radiation from LNG
pool fires on wat -t “ave oot ased on 0 eors acd expetimental data
from LN. poal fir o a0 tand. o tesza ceny o et e e tion ar
the fivet extensd « wet o 0 ot at rnolvan, TN ol tiros on e er,

In an IN; ;0 00 1 | s L e cr e ed e tate
vaportzagton ot Y - oortrart s v gte b s o Lo priman
factors: beat tyar fer o sty vred vty cartace and TR
radfation back st i ot RS 4 Por oa land wpiltl,
the solid substrate 'eneatt ! Doocola raps 4 s the tarntng iate
Pecreases with tire. ‘lowever, the hetlong rate o1 unignited LNG on
soter remains relaticely conctant oang toas the  urning rate per ounit
ares of LNG on water woeulld capecte b te rerain fafrly constant until
the fuel is consum. d,

Pool fires on Yand Hiave Seen wtulted ton dided endlosures where e
prel area remadne constant duriiy e T urndagy S etdeds Teon oater wng 1y
the pool as ot cont oaed ol R ot rap iy gk 1 harne,

The Nedptt o0 a0 e Yooyt Tand ] tewte was tound to
be about three Uimes e ool tiranaton cardy an tests where LNGC was
apilled Into a waam dive. 0 ey U osu segae ity decteansed toat out
tvice the ;‘m‘l viliaretet . e it SIS S fameler ratioc @ v aino
orgerved {n pocl Tire et cendacted dn rrceoted diben, Fxfuating
modela for ING poel ftres cnovatcr e peneralils tased oo the assumption
that tlare Bcfghta would o vemperas e o tr 0 Yaerved {n the carl
stagea of a pool tire v oant

The tests conducted gt the Siaval dapor Center tncluded three
tvpas of INT fire tectn, T e firat tyvpe dnavalved rantd sptlls of LN°
and esnentially famcdiate fenitiog resulting {6 an expanding pocl fire.
Tre wecond type of teor e dved o=t delay din e time of fRnit o
«o that A wapeT loud wase coaamed e the victufty ot the pool before fp-
nttden ccurted. o othe oot e 00 teet ) the wpd )l generated A




vapor cloud which was allowed to drift downwind 4 sitgniticant distance
before it was ignited at a dounwind location. These latter tests are
deacribed in Chapter 6. In this chapter we review experimental data

only from the “pool fire” and "delaved pool fiie" experimnts,

The nerfes 0! pool tire tests conndsted of 7 testn In which the
apilled ING was igntted immediately and § tests where the ignLtion
was delaved. The quantity of ING and the duration of «plill were varied
ard the appropriate meteorelogica! conditions at the test sf{te were
measured.  In Tahle S0 (0 given a summary descriptton ot the cenditions
ansocyated with ecach 0! the experiments,  The thermal radiation vesult-
fog trom the pool tires w s measured v th norroa angle and wide anple
radiometers placed ot various locations. In test 250 a wpectrometer
was placed at a dtctance o Pl trem the apil) polot to wmeasure thae
Npectral ctaracteristies of the flame, Three mevie careras were located
at varfous distances from the opfl! aofat to oriain e orthogenal
side views and an overvies ottt e tire. In Fipure 501 0 ce shiown the
locations of the fnstruments used for pool fire test #1 ' youg) tent fe
In Figure ~.07 ate < own the Jocations of {ostrumonts tor pood fIr.

teste 8100 1Y and L.

h. 2. ANALYSIS b Foml arRiAD

Whea TN e M led o e 1t spreade and evaporates, Spreading
enharces total evapor ctian Yy sroviding morc o watface avea for heat
transfor.  Spreadiog 0 a0 ctopen op o water do poverned Yo the dinter
Ao ef thie et mare Al G enirer e of Y gudd gpereading and the
thermal prenemescn o Y eat tranuter ar e dInterface. Several theoret -
cal moadels are avatY e e o oty Tifirature T o defermine the extent of
a;reading. A review o ttese medela 1s availabhlc In the Jterature (see
Sevtdon 2. In oall of thew m dela, the fmportant jarameter determining
the max!=m extent of *tte spread and the apread 1a.¢ s the Hguid re-
piesafon rate of LN on water, 4. Th dimensions of v are m/s and
phvrsdcally thi v crecint the pate of decrease fn the height of a
poal of Theoon vater due To o evarcratden. This dwoa drect function of

the heat transter from the water o Ve o pocl of INGL In addition, tte

i -
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botling rate i{s alse seasitive to the chemical composition of LNG.
The hert transfer from the water to the ING pool Is further tnfluenced
by formation of too (if anv) on water surface. Solid feo tvpicalle deos

not torm in uncontired sp1lls of NG on water.

Once the pool of LNG §s {pnited, the heat transfer from the flame
to the surface of the pool ipcreases the rate ot vaporization. The
“burnlng rate” thus depends both on hack radfation trom the flame and
the boilfng rate of water., In large =oale experiments, the variation
in hurning rate with time cannot be determined easily, While theo-
rerical estimates o bacl radiation trom the flame are poseihle in
principle, thev recutre bunovledge of Vo distribution of the flame
temperature and the wis concentration it dn tie tire.  Onlvy average
values of the Surning rate can e determined Yy bnowing the total
volume of tucel ant 5 ¢ duration of Yoiaing.

*
In Figure 2.1 are shoun the observed dimenstons of the poel  faor

TN tent Py “w9ic) waw onne ot the mote tapid ;01 ta. e dimensions

of the peol were measared using the downwind and 1 crosswind cameivae,
AV ocan t e meen (X-‘I‘J i'.,;uh S I, i 5'1,"'.1 v oot tadially ~fv'm‘:T‘-.‘. (S
tae by the Lhaye ot e pood dn mopt pocel {{re experiments wvas ochserved to

he closer te an eliiptie vt fingere” emerging from the auter periphery.

The pucl Mmee v cere drterred Ty o aaeamicg the Tiguid pool

houndary Yetare G0 it e te e (e Jare as tae roundary of the white
vapor sioud ac v 0 ot Tevell Further, the actual reasur ement of
the dimens e 0t e neel from tee motdon pistute data Is rather
subjoecrtive BSecviie o e Tack o vontrast oen the screen hetween the
pool anc the Yoo ound s me s ause ol these soertainties in the

Yave pettermed a sensitivity anal-
ysis on he meacared datas Tre Jetalls of thiae analvaic are pre-
sented {n dSeetd. o 57

messurcrhent o] dimension ., we

s e vega

-

[ s
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The exact dimensions of these tingers could not be determined by the
available motion picture data. For simplicfty, we assumed that the
pool was clliptical in ~hape, with dimensions along the malor and minor
exes glven by the downwind and the crosswind cameras, respoective?. 1o
average pool diamceter vas Jdetermined to be the diameter of a circle o 1

equivalent arva.  Sfove the view from the movice camera alwavs {udi ated

3
the width o!f the pool normal to the tield of view ot the camera, the
diameter of the pool]l determined Bv othis method provides an uppertonnd on :
the extent ¢! peci spread,
A can Yo oseen rrom Figare S03, the {nfzial spread rate ot the J
:

poel s Wiy, The o dgntrer s in these tests, was activated vithin aboat
I osecond aftes liguid st conracted the pooll. The arrow shown in
Figure “. 3 {ndicatos the tirst evidence of visinle flare trom the

movie e cords. T ovar i e diameter at o ateut Y oseconds 15 bhaoed

ottt kR ek

on a measurement o the visdt e vapor cloud and mav not actually re

. . . : 1
preset the tiue pocl diameteor wiich subseguent Iy stabilizes at alout |
13 m. Figure 5.4 ows simalar Jata feor test P10 whiich was at o a spild
rate ascut 207 dowo o Coan that for o test o #S 0 gt o wnied continued o

81 grconds (compared te 30 seconds tor test A5y The poel Afameter

fn test 812 (v Clized a0 out 14 oo,

The measured ~tat T sed ddmenstons of the LN pool on water tor

varfous tesis ate o om0 ante U0 The bast column in Table 502

shows the tange ol ocercmared Yarning rates far NG poeel tires on wator, ‘i
b

To mare an ocLt,mate ot L quant ity we Lave made the folleving i
i

asgumpt s ;
7

!

® The Nt o ot sten e urning s used to Jetermine the ;

i

carniyy 1ot Vois war deter=inea by the motion piciure data !

3

and Tre 1 vitemetor dato v determining the duration of intense i
Parning, ce fpnered e iatfal iraastent pertod of the fire in i

;

walelb the floas hoioht vas {norcasing and the final stages of

ne fire were e hetynt of the vigible flame wae steadily

aveieasion.

e B i L

D
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¢ The actw ! area of the pool is Yikeiv to he lews than the area
indicated by the maximum pool dimensfon.. Wi, thiretere, nave
used hoth the average dlanoster and 907 ot the sverage diamcter

fn order to ebtain respectively the Tover Timtes and the apper

Itmits tor the buining rates.

The burning rate is estimated by dividing the total volume ot ING

ty the agleulated area of the poo! and the duration of the burning.

I{ the buming tate were constant, the maxiqmun pool radfus shonld

fncrease with the squave 100t of the sptil rate.  In the VA (1974)

pool f{re tests, the burning rate due to back radiation ‘rem the fire was

found to be about 1.44 x to0 m/s (0,34 {n/min) for the 6 m diameter tests

b]

and was eatimated to be about 1.57 » IO_Q m/s (0.3 {n/min) for the 24 m
dliameter teat. If we arsume a typical value of 1.48 x 10-4 m/s8 (0,35 in/min)
and add thia to the typical regression rate of 4.2 x 10_4 m/s (1 tn/min) for
LNG boiling on water, we would expect the pool firesm on water of the scale

studied at China lake to have a regression rate of about 5.7 x 10 m/8
(1.35 in/min).

Obgerved average pool diameters are plotted as a function of ptdl

rate in Figure 5.5, Also shown {s the theoretical line 1f the regres-

.,

V. Ix D /s, Fror thi- fipure it

s{on rate remafined a constant at

appears that the pool damcter {« fess than would be expected at the high

spill rates.
It, bowever, ft {4 assumed that e obcerved dfameters reprosent
e dimenslon of the ING-water peel surtace contact arca, then apparent

timated,  Thewse rates are presented as a

Purning wtates can be o3

‘unction of spll]l rate in Figure S.6. The rates are fn the range ex-
. .3

pected for the tests of <pill rates up to about 0,07 m /s, however,

thev seem to dncrease substantfally for the bWighest spill rate tests,

Whiile data are not available to {dentify ¢he reason for thie
apparent increase §n burning rate with spfll rate, it seems 1{lely that
the effect {s due to A surface ar~a enhancement-effect asscociated vith
the discharge jet reaching a high enough velocity to cause fragmen-

tation of liquid as it lmpinges on the flat plate designed to deflect

5-11
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the jet. Rapid aprll of ING onto the water trom a LNG shiio caused by an

; dvcddent mav also exbiibit a simflar cttect.,

In Figure 5.7 are plotted the visible measured cloud loopths as a

functlon of time atter spill ror delaved dgnition pool tire testys #1)
i .

and #14. The cates of spill for thesne tests were 0,00 m /s and D e

3,

m /8, Tespectivels o The Vienid pool was allewed to - pread and evarotate,

N \

The dense vapor clowd ot ENG v scen 2o spread well Yevond the cdge ot (o

vond.  The dimensions o0 the vapor cloud were measured trem the metion

4 picture data.  lgnition was fndtiated at avout 24 sceconds and 39 secends
after the spitl tor tests #1202 gnd #14, respectively,  Ta both canes,
the source ot teeition v located several motors awav trom tte <o i3
polnt. At farst toe cdge o e vapor cleud started hurning. Once the
periphery of e vapor cloud s conpletely Yarned, the tire ntarted
IO MOve towarcte e et 0 e clemt, TR Dottt of e vaper
Cteud wreadity G st time s e v e Plame Yecame concentrated
1T the centey oot e lew! e vtaracterdatios of the tire tesent Tod
those obhserved o ctrer poad fire Genta, AG cdn e oween trom Pigare 507
oo dimenaionn o e i dur oy tnde wrave o0 horatay stabitised
Yriefly at oa»oet DT o e vt tests ol teer om0 g b ot the sara
soadlorate, the s liiac CTi Uiametor o re e Yam)
T Table S0 et Pdeave S0 gt G0 we T ot dne inded the
ata tasen tor ;o ol tape et )0 TG e primar iy because e Ve
Cavior ceerved e o s et Sdioated ot ar [ owas net a normal
a0l fire.  The data lop indfcated that this was to be a conventional pnol
tire test buat that high wind YWlew vapors awav trom the {pniter. The spill
rate was fairly Yagh (5,04 ml fu 50 seconds), but fgnition oconrred abour 40
i reconcs after the o 111 dactead ot the 3=5 seconds tvpical of other pool
' fire ‘vxta.  Soon acer fynition, che vapor cloud wnich developed and movoed
F downwind burned {rtecoly in a verv short duration (of 4 to 5 seconds).
s For the tumainder of the 1ir, after a brief perfod of almost normal pool
]
; fire burning, a verv obre, souty fire which resembled the last ntage of the
3 tlame ot sther peol *dre et 3 was observed, The radiometer data showed

4 aharp rise {9 neasured radiation, wiich laated only for 2 or 3 seconds,

aoon aftey the fepnitfon.  1the measured radiation for the remainder of the
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fire was much smaller than the masured peak value. This test was conducted
with winds 1n the 6-8 knot range and we have used flame tilt data trom the
brief pool fire segment. This 1s one of three tests conducted with wind.,
However, we have nut used the radiometer data since considerable data are
available from other pool fire tests which followed the conventional test

sequence.
5:3 CANALYSIS OF Pool FIRE DATA

In this «oction we discuss observations on the physical charac-

terdotles oF 200 001 five. First, we descerive the qualirative obner- {

vatiops made ftrom the motion pivture films.  Then quantitative data
chtained trom megsatemests ot potfon picture 1ecords are analyzed and

vorrelated,

L3 Quaiitaciee Ohwervatdions on Pool Fire Bebavier

As soon as the INe tHrat fmpinpes on the water, one observes
streaks of white vapor shocting out {n all directtons, completelvy
masking the splll pipe cenich {8 about 2 m abeve water level),  Tgni-

tors are activated in pocel tre tests i abouat 1 oscecond after the spild

contacts the water; however, theve usually s a delav of a few seconds
hefore flame {n visible on the f{im record,  The flame does ol spread

very rapiily through the established (loud. In fact, even when most of

Pttt s it Abelodade

the vapor vand portaps the pool) s on fire, one can still notice some 3

'strav’ white -louly en the perdvhery., 1t is kel that these clouds

contain wavor cercestrations below the lower flammable limit which are

Visible Se oqece o the odph relatdive humfdity (lose te the water.*  Al-
ternat lve v, docther exnpgianitdon tor the "siow" consumption of the visible 0
clovd o1 faper s et iU o contalns sienificant amounts of condensed water

(fdae tor 1 1 ¢ roploete winfeh act as o quendhing medium for flame. .
While rhese smas v cenpletely Gucnan the !flame, they mav significantly

af fect the tla~c pooprpation,

- - - C !
{

Y
The visih 0 Toud i due to condensation of water vaper as the LNG :
vapor coals acre. Toe tlamma e ovapor zone rav e within the visible !
donce ai the sfr i tair)s hamid, !




The swvcend stage in the development of the pocl tive £ the for-
mation ot the visible plume (ot {ire¢d,  The tornation of the plume
is characterized bv a leading head {oll wed by a taii. The head
disappears verv soon establishing only the tail. This behavior, which

is observed in manv other situatious where buoyancy is suddenly turned

on and maintained, 1s termed (Turner, 1972) the "Starting Thermal.”

From the time of fxgnition to the establighment of a fire plune, wi

'

eatimate the daraticn te be about bH s,

The thoatd stage of ‘urning, which lasts tar the longest duration
of time, {5 the steady state burning. his period 16 characterized by
the presence of a tall yvellowish flame whese hefgnt oscillates at
almost a regular period. The base drameter has a constant size,

Another important feature noticed in this period {s the release at

o bt

regular intervals (between 3 s to 4 s perfod) o large spherfcal hlohs

of burning zones which move up the visible plume. In fact the periodicity
of neight variation cofncides with the release of these hlobas of fluid,

Jt is our premisc that this phenomenon is the result of flame insta-
bili{ty which results in periodic fncrease and decrcase of vaporfzation

rate of tucl from the pool surface. This stage lasts for almost 75X

ot the spill daratfon.

Schemat f¢ representations of the {{re development stage ("starting .
thermal”) and a well established plume tire are given in Figures 5.8a and

5.8b, respectively. The latrer figure has heen traced trom a movie record.

In the fourth stage of bhurning the flame heromes sooty (most
probably due tc the burning of heavier hvdrocartens such as propane,
ethane, butane). The color of the fire changes frem vellow to hrict
red and finally hlack soot can be seen at the top third of the tlame.
The flame height finally decreasces, presumably because of the rapid
decrease {u the evaporation rate. This s <deen to occur soon after

the flow of LNG {s& turned oif.

In the final stage of burning we gee small flamclets on water
burning on what appears to be "black” fce. After ali of the littie
flames have died out one notices ar area (on the pond water), roughly

cqual to the gize of the ING pool, which looks black., This may be the
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Lag Lk

remnants of sV kind of o LN water hodiate. 8v the t1m: anvone could
approach the pond after the te-t. his YWiack patel had completely y

disappe ared.

5.3.2 Quantitat.ive Jata fiow Jool Fire wnxperimats

A8 indicated ~arlier, the visible t.awe toight varies periodicall’
with time. The rlawe, thougl vertical, {n the ab-once of wind, 15 tar

from bheing a perfect cvlinder.

As can bLic Seen ftrom Figure 5,85, the tlar 1« t.l and olender,
but the lateral cindensicrs are Yy no mer 5 vniforn. In fact, the oh-
secvations of the motion picture data fnuicace that large turbulent
eddies are formed at the lower part of the flame and rise graaually
to the upper part of the flame. DNDuring their ascent, the eddies grow in
size and slowly dissipate into "“flamelets.' For purposes of analvsis,
we have used the "instantancous height' of the visihle tlame, which by
definition is the height of the solid flame from the pool hace. In
deterzining the inutantancous height, we have fgnored the sheets of the

flame that escapc from the main bady of the flame.

In Figure 5.9 are shown the measured instantaneous heighta varving
with time for test #10, As can Yo seen from the Viguse, the height
of the flame steadily increases to about % m in less than 5 seconds
after {gnition. This corresponds to the rise ot the fnitial head. The
diancter of the head was estimated to be about 18 m and the height
to be about 11 m, The average velocity of rife of the center of the
head was about 11 m/s. The tail of the flame forms the heginning of
the pool fire and {t ri{ses to a helght of about S0 m in about 10 weconds. 4
The mean height of the flame was seen to he steady for a long time and
started to decrease steadilv around 85 seconds after ignition. Hence,
we have estimatced the duration of intense burning as 75 seconds which
corresponds to the time difference between the beginning of the pool
fire (after the formatfon of the inftial head) and the end of the steady

state burning i{ndicated by the rapld decline in the flame height.

5~19
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During the period of intense burning, the tlame hefght ! luetuates
taprdly. There appedars to be a predorinant 1ve oo oy to this fluctaatfon
with a period of about 2-3 seconds. The peak-to-pear {luctvation in
heoght is less than 10 m during the steady burning period. An arfth:
metic average of the lame lengths over the duration of intense burning
was calculated. In Figures 5.10, 5.11 and 5.12 are shown the variatior
1. fnstantaneous visible flame lenpth as a function of time for INC
test #3040 and Y, respectively.  In Table 5.3 are piven the duration
St fotease huratng, average and standard deviation of measured visible

tlame lTenpths 1o various LNG tests.

5.3.3 Corxelation ot the Visi®le Flame L““ﬁlb_lLiFé

[t was pointed out ecarlier in Section 5.0 that the apparent
average bhurning rate of ING on water varted significantly fer the
various tests. In Figure “.13 are plotted the measured mean leangths
of the tlames as a function of the estimated burning rates. It should
be neted that there {s i{nherent uncertainty in the estimated rate ot
hurning because of the sublective evaluation of the duration of (ntense
Luiinlog and the asvmmetry of the hurning reol.  The purnose of Tigure 5.13
is merely to indicate that there is a definite relationship hetween the

rates of hurning and the average flame height measured using the motion

plecture data.

Thomas (1903) developed a correlation for the visible mear heignt
of turhulent diftusion flames (in the absence of wind) haced on diren-
sfonal analvsis and data from laberagtory scale erit fires. The cor-

relation for a circular liquid pool fire can be written as follows:

. : 0.61
1. 1.
YL 22 (5.1)
R IS
a

viere v fs the total liquid regression rate.
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Thomas' s1alvals involves some fundamental assumptions:

1. The flame is characterized by a afngle temper.ture and a sjecified
gas composition at the flame tip repacdlens of the flame nize or

200t councentration (n the {lawme.

2. The correlation does rot take into account either the differences

in fuel properties or the differences in their flame raldiation

propertlies.

3. The correlation {3 valld only {f the turbalence 18 generated by the
heat Rource ftself and not {f the ambient turtulence {8 convected
{nto the tire plume. This mav be a very serious limitation, since
ambient turbulence {5 alwavas convected into the fire plume for a

fire in the open, such as for a burning pool of LNG on water,

Despite these limitations, Thomax® correlation seems to predict the
height-to-dfameter ratioas of large~scale ING pool fires very well., In Figure
5.14 the flame height data from the current series of pool fire tests arc
plotted in dimensionless coordinates and are compared with Thomas' correl-
ation., The scatter in the measured flame heights is indicated whereas the
dlameter is assumed to be constant. In using Thomas' correlation, we have
utilized the eatimated values of the apparent average burning ratea of LNG
on water. As can be scen fron Flgure 5,14, the predicted flame heights agree

reanonably wel! with the weasured {lame heights,

5. 1.4 Flame Tilt by Wind

Wind tilting of ING pool fire plume has been studied by AGA (1974)

using the data obtained in the AGA experiments with 1N fires on land.

The correiation obtained from ithese daia ia wimilar v oie deéeveloped by

Thuomas (1964) and {s given by:

1 for ut . 1
Coa = (5.2)
L for u* » 1
Ju*
where: .
« l'w
u = I
Coodgn/ \1/3 (5.3)

B b e e

i
1
1
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Wnore Uu {8 the wind velocity in m's measured at a height of 1.5 a above

ground.

in Figure 5.1% 18 shown the correlation {adicated by equatien (5.2),
Indicated {n the figure are the two experimental neints obtalned from the
pool fire tests #4 and 6. The {nstantanceus flarme tilt angle. were measured
trom the motion picture data. Since the camera was not normal to the
dircection ot the wind, the measured angles were cortected unog simple
trigonemetric relat jousiiips to obtais the tilting ot the tlame by the
wind in the verti.al plane containing the wind veotor. The scatter in
the measured data ts Jue to tluctuations in vind specd.  The measured wind
velocitien over the pond were about .64 @/s Yor tests £7 and ¢6 and 2.20 m/s
tor test P4, The measured mean flame 11t angleifren the vertical axis

were 37°, 26.5° and 46.3° for tests #2, 4, and 6 respectively.

5.4 THERMAL RADIATION DATA AND THEIR ANALYSIS

In the pool fire experiments the radiative outputs of the fires were
measured using reliometers, both the narrow-angle tvpe and the wide-angle
tvpe. In one experiment, (test #5) a spectromeler was also used to
Geasute (he spectral emisgive characteriatics of the tfre.  This gection
discusses the measured data using the radiome o and the calcula.ed
values for the theraal energy emitted by the flate Galscive pover).

For caleulating the magnitude o! the energy entsston, atmw spherlec absorp-
tion corrections and geometrical view cerrectfons {(wicw factort are taken
fate account, In effect, the flane emiassion clinacteving fon are determined

bv assuming the flame to be a cvlindrical, grev emitter (ALA 1974).

Five wide-angle and two narrow-anple radioceters wesre uped in these
peol fire tests to measure the radiant {luxes at variouw Jdistances from
the flame. Table 5.4 shows the location and orfentation of these radiom-
eters. The narrow-angle radiometers have a totai o ~o angle of about 7°
and are pointed at the tiame. For the gerfen » tiats £1 (o 6, they were
located 60 m from the spill point and covered a t'am surface arca of
approximately 7 m in diameter. The more tecent series of tests, 12, 13
and 14, had the narrow-angle radiometers located at a distance of 310 m
from the spill point. Therefore, the area of flame surface covered 1in

these testns corresponded to a circle of about 3.% m diameier. Since the

5-294
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narrow~angle radiom'ters view only flame surface, the measured quantity
{e directly related to the cmisgive power of the tlame after corrections

for atwos;eric transmissivity are made.

The wide-angle rvadioocters have a field ot view of approximately 1507,
Therefore, only patt o! the teld of view included the flame. Toe emissive
powers can be obtainced by back caleulation, using the geometric view fac-

tor as one of the parameters.

5.4.1_ Limttations of the Neasured Radioneter Data

Unfortunately we have been unable to use all the radlometer data that
were recorded tor varfous pool fires. Table 5.5 shows the avallable radi-
omter data tor variocus pool tires. A pumber ot problems made some of the
recorded data questionable. For instance, the twoe wide-angle radiometers
#1 and 4 used in carifer series ot tests €1 through 6 were subsequently
damaged and could not be ocaldbrated. Also, in the calivration, low irra-
diance was obtained by lowering the temperature ! the black body (resulting
in the change in the spectral distriburion of {ncddent energyv) while in
fleld use the decrease tn the frradfance was caised by the distance between
the flame and the radiemercr. A theoretical analvsis was performed to
cstimate the average transmission through the window, but the resuits ob-

04, an
itien

tatnea by this methoa varied very widely. 1o the latey delaved -dgn
pool fire tests, 14 wid ¢, some of the radieseters were surrounded by
the flame and the rudlom to readings were oft scale, One 0of (he (wo narrow-
angle radiometers uset in fe«ts #1 to b was aimed too low so that the flame
covered only about hait ot the f{eld of view, This resulted in a very low
measurement of the enfssive power of the tlame (abont half of that measured
hy another radicuetor Looare?! - ext tao {t, but ordfented {n such a wav as to
have only tlame wortove 0 dte 00 ld of view), e to several of these un-

foreseen ircvraniances, it ot arount of data that {g renorted {n this

epolied

section has been greatly reduced. A complete pacrnage of data gathered in

the tests (s plven in Appendis D,

Tedts ¢! were conta ted prier +oo any data analvsis. The analysis
indir1ted several {ncirume ot prodlems, so addéditional teste were conducted,
Tests #12-14 represent the eocend et s of tests where most of the early

instrument problems were corrected,
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5.4.2 Analvsis of Narrow-Angle Badijometer Data

As pointed out earlicr, the narrow-angle radfometer looks at a por-
tion of the flame and weasures the radiated thermal flux trom that portion
of the flame. Sincye the ticld ot view of the radicmeters {s tvptieally
small (of the order of tew deprees), the measured thermal tlux directlw

glves the local emtasive power ot the flawme.

In Figure 5.15 are showm the neascred narrow-anple radiometer data
for NG test #12.  As can be seen trom Plpure 5.145, the measured thermal
flux steadily increases with time atter {pnition and then remains tatrly
constant. At atout 0 seconds the measured thesiwal flux starts to decrease
reaching a low value ot about 75 k'.{/r:." just betore the valve {s closed.
Then {t fncieases rtapldiy o a valae of jon k'h‘/m: just herore the flame
dies. The cause tor this Tate focre v i tlax mav be dJue to ethane and

propanc.,  vGurin, Lo ctegly L !

Burndne o thae o Yy the radfoneter reads an

averape flux ot ahont Ihhos TR P o instrament o prohles, date from

the sveond ndarre-—ancie radt o eter were not avaiiable tor comparison,

In Fipure 5,17 cve nhown the mearured nartov-anyle radtometer data
y

for Test #5. As indicate! carltior, radiometer 00 wasn aimed at the <pfll
polnt and radiometer &0 wan atmed ot w0 abhove the il polnt, Therctore,
only about halt ot the tteld ot view ot tadiometer #9 was covered by the

flame and the reasored thormal flus 4 Clpnit{eant bt lowey than the {iux

measured ov radiometer vny

In Flgure S0' = and V13 dre shown the maasutad nnrrow-angle radijomefer

data {for the delaved tention neol fire teats #0080 gnd 14, As can be geen

from the tigure, “bv ~elwure Do v ae tluctaates censfderably for
the e twe teats, e ot ey s few i tarent an recorded nothinr, As
podnted ont oeartier I R I and 1o, the fynited vapor
clorad starts burnl oy {0 oo voooeo crnalls buran Tibe o a pood

fire. Sioce the 1! atatd o o0 rhe sarivw daigte radiometer s towards the
spdll pedor ) the ot 0 lee e Iatrerenr s completaly cavered by
the flare aly towar o 00 ond b o Honing pertod. This is indicated
by the prouncunced toars tn trs o 4n s odd tasfometer data towards the end

of the buraf{~p preriod.  We turther gttt derdne this period of burning,
both Radlormeter. #% a6 ro gl comparably valuos.,  This c¢learlyv indicates
that the o aiat{on of the raldiemeters weve correct and the entire filelds

¢t view were cocered oy o the *1ame,

ST
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In Figure 5.20 are shown th: th . .al flux measured by the narrow-angle
radiometers for varlious ING pool fire tests. Here we have plotred the data
obtaired trom radlometer 76 for the pool fire tests 3, 5, 9, and o, radlow-
eter #5 for the pool fire test #12 and the peak values registered by both
radiormeter: €5 and 6 for the delayed ignition pool rire test #1131 and l4.
Since the view of the narrow-angle radiometer is completely ccvered by the
{lame, one can make estimates of the emissive power of the flame by proper-

ly correcting for atmoapheric transmissivity,

Atmospheric transmissivity factor, 1, accounts for the attenuation of
the thermal radfation caused by absorption and mecettering along the inter-
vening path by water vapor, carbon dioxide, dust and acrosol particles,
This factor is a complicated tunctfon of the therwal and spectral charac-
terietics of the emitter and the total amcunt ot precipitable water i{n the
path length through the atmosphere. (The amount of precipitable water in

the atmosphere 18 directly related to the relative humidity.)

The LNG fire spectral radiation differs considerably from that of a ;
black body spectrum. However, the lack of data on the nature of the spec- '
tral distribution of the thermal cnergy emitted from the fire precludes us
from obtaining the correct transmiszsivity for asnvy given path length through §
the atmosphere. To the extent that the measured {rradiance has to be cor-
cected for atmospheric abdorption (and converted to the flame cmissive power)
we have used the black body spectral transmissivity curves. The variation
cf atmosphertc absorptivity with distance and with relative humidities as
parametars is shown in Figure 5.21, for a black body source of 1150 K. We
have used this transmiswivily data for correcting radfometer {rradiances.

We do recognize that thias does create some error ir the eat{mated value of
the flame ecmiasive power. However, the error is expected to be mmaller
than the standard deviation of the measured values. The flame emisrive

power thus estimated are shown in Fl{gure 5.22.

It {5 seen that the emissive power of the flame is relatively indepen- ;
dent of the time during the period of intense burning. Further, the emis-
gsive power does not appear to be a function of the total duration of spill,

(It has already been {ndicated that the afize of the fire increases with
increasing spill rates.) The emissive power also does not seem to bhe a func-
tion of LNG composition in the range studied. A atatistical averaging of

the data shown in Figure 5.22 yielded a mean of 212 kH/m2 48 the emissive
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powar of the ING flames. The standard deviation of the data shova in I'fgure

5.22 {8 abour L2 kw/mz.
.43 Mide-Angle Radfometer "ata

Several wide~angle radiometers were located at varfous Jdistances :rom

the spill point to measure the overal)l thermal radiation from the pocl fires.

In PMgure 5.1 and 5.1 are shown the exact location of wide-angle radiemeters.

As pointed out carlier, we have not been able Lo use all the wice-anyle
radfometer data. o Table 5.5 ave fudicated the valld wide-angle radicacter
data that are aunalvzed in this section. The wide-angle radfometers were
usged witl tour diffeient tvpes of windows as indicated in Table 5.4. The
average transmissivity through the windew was calculated by nsing the trans-
migsivity spectrum of the window and the spectrag of LNG flame measured in
test #5.* The calculated average transmissivities of the radiometer windows

are as follows:

Quartz 1 - 0.510
Quartz 2 - 0.441}
Sapphire - 0.787
ZnSe - 0.720 (measure. values were in 0.65-0.7 range)

In Figure 5.23 are shown the measured wide-angle radiometer data for
pool fire teat #12. This test was run under calm conditions, so the flame
was essentially vertical. The radiometers were located at 30 m, 45 m and
60 m trom the 8pill point. As can be seen from Figure 5.23, the nmeasured
thermal flux decreascs steadily with increasing distance from the fire.
The thermal flux measured by the two radiometers located at 45 m from the
spill point are essentially the same. The radiometers measure zero thermal
flux at the time of ignition and steadily increase to a stable value.
During the period of intense burning, the fluctuations in the radiometer
data appears to be periodic. It 18 likely that fluctuations in vistble
flame height result in fluctuation of radicmeter data. The period of

fluctuation of the latter, however, seem much larger than the former.

In Figure 5.24 {s plotted the time averaged thermal flux measured by
the wide-angle radiometers a¢ a function of the distance from the surface

of the flame for Test #12. Here we have assumed that during steady-state

* The use of a spectrum recorded at 236 m distance from the flame to cor-
rect the radiometer data ohtained within 60 m does introduce errocs.
These are primarily due to the path length dependent spectral abrorption
characteristics of the atmosphere.
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buming, the flame shape can be approximated by a circular cvlinder of
diameter given in Table 5.0. The average thermal {lux was determined by
taking the arithmetic average of the instantanecous radiometer reading

during the period of intensc burning. Also indicated i Flevre v 24 4.

the measured peak and low values of the thermal flux from the varfous
radiometers. The slope of the line passing throuph these data points wil}
indicate the spatial variation of the thermal flux for the specific flame
shape and sire. In Figure 5.4 are also shown the predictions for tewt 12
based on two widelv used exirting medels: the {nverse square law model with
20X of the cnergy radiated and the solid flame model with H/D = 3 and E = 100
kH/mz. As can be seen from Figure S04, the measured varfation in therma!l
flux 16 closer to the solid yprev emitier model than the inverse square law

N
model.  The data are reasornably well nodelled {f one uses F = Zcu Ko/m®
. . ~4

H/D » 3.1 from Thomas' cquation tor a4 tepression 1ate of 5.5 x 10 n/s,

and makes allowance tor atmospheric ab:orpifea.

For the carlier serfes of pocl tire tests 1 throupgh 6, the data ebtained
by only two radfometers are valid. These two radiometers are located at 40 m

and 60 @ trom the spill point, hut measure essentially the same amonnt of gn-

cideat thermal raddation .. every toat, For f-ctan ¢, in test €5 the
7
raclemerer located at 40 m measared an average t1ax of 15,6 ¥W/m™, with a
Al Al
peax and low valuce o, 9.7 ¥W/e" and 10,9 kW'n' respectively. The radiom-

eter located 60 m from the spill point measured an averape of 14.4 kU/m7
with a peak anc low values . f 19,06 kl/mr and 11,0 kk/m?. respectively.
Such a spatial distribution ¢f thermal radfatio v at far off distances does
not correspond with ofther the fnverse square law or the geometrical flame
model variations. Heaoce, we have ner used theoo ata tn maling estirartes
ot the emissfve power ot etV ee 0 ince an unexplatned inst rument problom
seems l{kelw.

Tue solid fliane relel voveme s v ar the flame takes a specific geomet -
ric shape and emfts toadfaiicos 1 0wt iace at a known rate. The radi-
ative heat tlux (67 tecet=ed Yy g «lement at oa distance from the {lame

mas be caleulated verngy the 0l eiiap exprersion:
' = F -1 (5.4)

Here the geometric view fa *tor, V, reoresonts the fracti{on of epergvy radi-

ated frow the fire which v fntercepted »v the ohject. The peometrv of the

Yy hy

I At




large -acale tires in generallv assumed to be w clocul e ylinder. e
variation ot the geometric view tactor with cvlinder hedight and distan -
from the center  Fothe tire 18 given by Ray (19770 1a the computation of
these view tactors, 10 fs assumed that the angle of view {5 1807, Since
the actial angle of view of wide-angle radiometers is 150°, a correction
should Ye applied to the view factoers. This correction term §8 as

tollows:
¥ - 1 (1 - Cos 2o ] (5-5)
v 2 mar
wheve & {s tte semi-cone angle of the radiometer, For v = 7%%, the
max max

corrvetfon factor becones 0,933, Therefore, the actual view factor between

the fire and the radiometer {8 given by:

N,
F rﬂ/f‘_ (5.6)

It

tor 1RO yiew elemeats (Raj, 1977).

where F1 18 the value of view factor obtained from the ecquation apvlicable

The varfation of the atmospheric transmissivity factor 1 with distance
is alreadv shown in Figure 5.21. In principle, 1t i8 possible to determire
the emissive power of the flame knowing the {nstantaneous values of q", F
and . In Figure 5.2% are plotted the computed emissive powers of the
flame tor LNG poos tire test #12 using the wide-anple radiometer data. As
can be sven from Flaure 5.25, the emissive power calculated using different
wide-angle radiomcters read an average value of about 200 kk’/m2 and have a
woatier ot about 10 kH/m: during the Initial stages of burning. Both the
tagnitude of the emissive power and the scatter in the data increase
during the later stages of burning. The {ncrease i{n magnitude of the
emiusive power cou, at least in part, be attributed to the increase in
lumineus soot radiation. The increase {n the Acatter of the measured
dara, may be due to larger fluctuations in the flame height and width.

During the perfod of intense burning, the average value of the emissive

2
power of the flame for the pool fire test #12 was estimated to be 220 kW/m™.

The variance of the measured data 18 about 47 kW/m". The highest value of
2

emiasive power estimated using this procedure was 292 kW/m" and this was

measured by the radiometer located at 3C m from the spill point. The

flame hefght at this instance was about 57 w.
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3.4.4 Analysis of Wood Charring Data

In Tests 22 and 13 inwlving pool fires, wooden stakes were provided
at different distances from the center of the spill. The purpose of pro-
viding thase atakes was to observe the zone within which wood would ignite
epontanecusly from the thermal radiation from the fire. In other words,

tha stakes were used as additional, passive, radiation measuring instru-
mente.

The stakes were construction grade timber of croses section 4 cma x 3.5
ce. These were used in ''as available" condition and no attempt was made
to pretreat the wood in any way. These stakes wvera driven into the soil
in the pond such that about 0.5 m of the stake length would be projecting
out of the water surface. Initial attempts to place the stakss at unifors
spacings from the spill center failed due to practical difficulties. The
actual distances are shown in Table 5.6. The general divection of the linas
of stakes vas from the center of spill towards the NKE corner of thes pond.

The state of cherring of the diffarent stakes aftar the teste #.2
and #13 48 indicated in Tabla 5.6. Plate 5.1 shows the degree cf charring
of stakes located at different distances from the center in tost #12.
Tast #13 was a delayed ignition pool fire test in wvhich the vapors
initially covered tiae downwind part of the pond before ignition. It s
felt that the fire in this tast swept past the wooden stakes. lHence, the

charring data from teat #13 are not considered in this anaslysis.

From the data of test #12, it is seen that the Stake #4 located at
19 m from the center does not sasm to have ignited; only a slight blackening
of the surface can be observed with beginnings to char. This can be

tesant the distance tn unniloted ignition of wood.

The maan flame emissive power can be inferred 1{f we sssume that spon-
taneous ignition of wood occurs at about 10 kH/-z (Lawvson and Sixms, 1953).
However, we note that this is the ignition criterion for long durstions
of exposure. What constitutes "long" duration is somevhat uncertsin. For
short exposure times, ignition sceza to be affected more by the total
amount of energy absordbed by wood rather than by radiant energy flux sglone.
The calculation presented bslow should, therefore, be construed as giving
an spproximste valus for the flesme emissive power.

5-49
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Flame Emissive Power Caleulations

Measured radius to 30 kW/m™ (wood ignition distance) X = 18 m (in test #12)

Mean flame helght ‘oring steady burning period

(see Section 5. H = 44 m
Flame base radius (R) = 7 m
View factor (F) between a fire which has H/R = = 0.193

7.86, and a vert{cal element on the ground at
X/R =2.6(for a table ot view factor values see
Raj (1977)).

)
30 kW/m”,
0.193
155 k\-.'/mz

Hence, the emissive power of flame = K =

In the above calculation we have fgnored the effect of atmospheric
absorption. This may be justifiable becauge the distance between the
flame surface and the location of the stake {8 only a few meters, we
note that the stakes recefve significant part of the encrgy from the lower
portions of the flame. We are uncertain, however, of the effect of the
proximity of the radfation path to the water surface and its effect on the

at:enuat fon,

The second parameter that introduces uncertainties in the estimation
ot the enfssive power {8 the flame diameter. In the above calculation
we have used a nean value, However, {t was noticed in all pool fire tests
that the flame base was not circular but had a star shape. It is concelv-
able that the flame was much closer to the stakes than is {mplied by a
nean diameter (1., an apex of the star mav have been in the direction of
the line of stakes., Tt §s hard to tell this from the movies.). If this
fe the case, the above calculation over estimates the flame emiasive

power.,  The two errors have fortunately compensatory effects.

we note that the emissive power  estimated above {6 somewhar lower
than the emfssive powere estimated using narrow-angle and wide-angle
radiometer data for test 412, 1U §5 concefvable that the slight charring
of stake =4 resulted from the maximam emfssfon from the 1lame (which
occurs towards the end of the burning time because of increased soot),
There {8 some uncertainty (o specifving which stake represents the 30 kW/m
ivnition flux. For example, {f stake #5 (located at 21 m) 18 assumed to
represent the unpfloted fpnftion sftuation fnstead of stake 3 at 18 m,
then the calculated emfssfve power would he 185 kk’/mz. This value, however,
fs much closer te the averape emissive powers estimated using radiometer

data.
59-94




The conclusion froe the wooden stake dats can be expressed in general
terns; that the cetimated emisesive power of the fire is approximately
2
185 kW/m".

5.5 DISCUSSION OF RESULTS

In the preceding parts of this section we have presented dats and
aaalyais of the geumetric and the thermal radiation characteristics of LNG
pool fires on water, In summary we wish to discuss some of the salient
tasults obtafned and to indicate the limitations of the analyses that have

been perforumed.

In order to calculate potential hazard zones resulting from a LNGC pool
fire, two fundamental characteristice of pool fires need to be evalusted. The
firet one is the geometric description of the pool fire, namely, the mean diam-
eter, height, and shape of the flame. The second, even more importsnt paras-
eter that needs to be defined is the emissive pover of the flame. Using the
wotion picture dats we wvare able to arrive at the geometrical description
cf the pool fire. Yo 2lz5 noted that thsre wers considerable umcertainties
in the measured dimensions of the pool. In addition, the rate of burning
vas calculated using the duration of intense burning, which wvas determined
from the motion picture data and the thermal radiation data. There is
considerable uncertainty i{n determining the length of this period —-

especially in the shorter tests,

In this section we have sttempted to pertorm s sensitivity analysis
on the measured data for pool fire test #12. The measured quantities for

this particular test are as foullows:

Quantity of LNG spilled - 5,68 -3
Duration of aspill « 21 sgconds
Measured average diameter = 14.1 m

Maasured duration of intense burning = 75 seconds

Since the measuied pool dismster is subject to errors in msasurement tech-
nfiques, ve have perturbed the diameter by 1.5 m (vhich corresponds to about
102) over the meen. The duration of actual burning iv likely to be

between the duration of intense burning and the totel durastiom of the epill.
In Table 5.7 19 shown the effect of variation of these paramsters on the
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TABRLE 5.7

SENSITIVITY ANALYSIS ON LNG POOL FIRE

TEST #12 DATA

Predicted
Assumed Burning Rate Mean
Assunmcd Hase Duration 4 Flame
Diamcter, m of Burning (a) m/s x 10" Hedght, m
81 5.62 46
12.6 78 5.84 47.1
75 6.07 48.2
81 4.49 43.3
14.1 78 4.60 48,3
75 4.RS 45.4
81 3.67 41.1
15.6 i8 3.81 42.1
75 3.96 43.1

Measured mean hedpht of the flame = 44.0 m.

Varfance of the hefght of the flame = 6.3 m.
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predicted average visiblas height of the flame using Thomas' correlatiom.

As can be sean fiom Table 5.7, the predicted flame heights are nct very

sensitive to the variation {n diameters or the duration of burning. Also
todicated in Table 5.7 is the maasured mean and variance of the viaiblae

flame height for Teat #12. We pote that all the predicted flame beighta

are well within the standard deviation of the measured flame height dats. There-
fore, 1t 1s possible for us to conclude that Thomas' correlation pre-

dicts the mean height of the visible {lame very well when the proper

burning ratas are used - which bringe us to the question of defining the

proper burning rate.

It was pointed out earlier in Section 5.2 that the estimated rates
of burning indicated a tendency to increase with the apill rate, This
faplies that the maximum diawecer {s not aa strong a function of spill rate
as would be predicted from s simple avaporation wodel of the problem.
In fact, one would expect to sce an increase in apill dimensions with
increase of spill rate, the dimensions being maximum for an instan-
tanecus spill. Therefore, the apparcnt {ncresse in the burning rate is
a0t caused by the incresse in spill rate, but possibly by increased
velocity with which a jet of LNG impinges on to the vater syrface.
Whenever an imeiscible, buoyant, cryogenic liquid is realassed at low
vselocities in the férl of a vertical jet on to a water surface, the
11quid jst penetrates tha water surface, sinks to s certain depth,
riacs due to buoyancy forcce and then apreads and evaporates simul-
taneously, 1f we assume that the heat transfer rate from water to
the 1iguid is conatant, then the total evaporation rate is dependent
on the surface area of the 1liquid pool. However, {f the velocity of
the liquid jat is large, the jri peneiratss ths waoter esurface to con-
siderable depth and part of the 1iquid breaks up into globules. The
remainder of the liquid rises to the surface and apreads radially.

The total amount of liquid evaporated is the sum of liquid evaporated
from the pool surface and the globules which evaporate due to hest
transfer from thetir surfaces. Hence the total quantity of liquid evap-
orated is larger than the quantity computed using the dimensicns of the
pool. This phenomenon is further augmented by the steel plate located
directly below the apill point at the NWC test facility, While it {s

not posaible to make quantitative estimates of the size and the total
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quantity of liquid in the shape of globules, it is reasomable to assume
that the total quantity will increase with the jet velocity gnd this may
explain the observed increase in evaporation/burning rate. éqwcvet. {lame
\
height {8 a function of actual vaporization rate, so the use of the apparent

value {n Thomas' correlatf{on i3 valid.

The second quanticty which is desired from the analysis of the
thermal radiation data is the "emissive power” of the LNG flame. The
narrow-anglc radiometcers, whose field of view are completelv covered by
the tlame surface measure an average emissive power of about 212 kh‘/m2
for the lower parts of the firv. Since the parrow-angle radiometers
arc viewiag only the lower part of the flame in all the tests, the

s tter in the modasured data 1 not very large (about 20 kw/mz).

The wide-angle radiometers measure the thermal flux received by the
vertical element cf the radiometers, The emiacrive power of the flame may
be back caiculated by assuming the flame to be a s0lid grev emitter., As
pointed out earlier, we have the wide-angle radiometer data only from
test #1272 and the emissive pover calculated usfng this procedure shows &
wvider scatter. The average emissive power was cstimated to be 220 kN/m2

R
and the scatter was ahout 47 kW/m“.

For the pool five test #12, the mean emianive powers computed using
narrow-angle and wlde-angle radifometer data agree very well, However, the
scatter 1n the emlguive power computed usiny wide-angle radiometer data
tq nearly twice the scatter {n the narros~angle rafiomet-r data. This
‘arge varfation in the computed emtssive power {s partially due to the
ansraprions ande iegarding the ghape and si2¢ of the flame. In computing
the geometric view fartors, we have assumed that the flame {s a s0l1d
cvlindrical bodv emitting «qualiy in all dirtections. But, in practice,
the flame f8 not a «vifnevical emitter and, in fact, tends to pulsate,

e latge turbulept oddtes riaing frow thr lower part of the flame tend to
disters the lateral dimensions of the flame. The narrow-angle radiometers,
b virtue of viswing onle part of the flame, mav not be very sensitive to
the tlame nize varfaifon. But the theraal flux measured by wide-angle
radforciers f. affccted by these pulrations {n the lateral and vertical

dimensions ot the f{lame.
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Usin. .he narrow-angle radiometer data and the nmeasured visible
flame geometty we bhave caleulated the percent of total combustion energy
whiich g ' tadiated cut of the tlame. The results are shown in Table 5.8
ana are jloricod dr Figure 5.26 against the spill rate. Also plotted in
fue fdpnre s g curve, wiich {ndicates the fractional vneigy radiated
rron a tire whi-k has constant dlameter and emissive pover, but whose
hedgat varies wit spall rate.  In most of the present series of tests
the dlameter temafued almost a constant,  An extremely interesting
coselvatlen caa beonade from the results.  As the spill rate increases,
tie traction ot thie encrgy radlated Jecreases. A physical explanation for
this - ould boothat oot all of the vapors produced by the evaporating pool
participate in cembustion, and the faster they are liberated, the less the
chance tor combustion. Burgess and Zabetakias (1962) aleo found, in much
smaller scale experiments (0.38 m diameter) involving the spill of LNG onto
a warm trav, that about 702 of the vapor generated initially did not par-

tivipate in combustion,

The nuestinn still remains as to what happens to the vapor that is
wenerated by the heoiling of LNG on water, but which seems to escape uncom—
busted., Hurygess aad Jabetakis (1962) infer from their results that these
Vapors in ~ithoaft and get diluted below the lower flammable limit and,
theratore, escape unburned.  This hypothesis which may explain an

extremely transtent phenomenon (such ae occurred in Bureau of Mines'

experiments mav oot pyovide an adequate physical description fer a long
duration ING ¢ire. This {s because the vapors liberated continuously
tvom the peol are fae!l 1ich and when they mix with enough air at the

edpes and reach flammable concentratton, the are likely to burn.
Besides the flow of atr {s radlallv inward and hence, no vapor can
vacaze on the outside of the fire.
A more logtical explanation could be provided {f we assumne a core of
rich vapor that rises in the middle of tlhe visible fire. This core may
not burn {n the inftial stages because it 1 starved of oxygen (the
reaction {« tarking pince on the outer shell of the cylinder). Subsequently,
thls tuel ri b core mav be mixed with the {nward flowing combustion pro-

ducts and rendered non-combustible even {f it mixer with the right oropor-

tion of afr 4t the hipher elevatfons of the fire. The net result 18 that
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a substantial part of the vapor produced goes at the top of the fire un-
combusted. This model esscntially ' =lies that the fire {s a cylindrical
shell of reaction zone with an inn :ore that 1{s relatively cool (compareid
to the combustion zone temperature). Perhaps this may even explain the
emigsion that was chserved in the 3 -~ 4 um band from warm optically thick
hydrocarbons (see Figure 4.7), observed in the spectrum of the pool fire
in teat #5. Test ¥5 13 one of the high rate of spill tests and therefore
the inner vapor core could be c«f aubsteatial dimensions. That would explain
the high optical thickness (which 1s generally a representation of physical
thickness and the concentration). Since we are basing this inner varnm
vapor core hypothesis on onlv indirect data, {t should be construed as
being only tentative. Certainlv, more direct measuremente within the

fire could shed more Light on this i{ssue.
S.R CONCLUSTONS
The main conclurions of the analysis of the pool fire data are as

follows:

(1) For continuous release spills the maximum diameter of the

RIS |
AN

fires does not fnerease with spill rate as rapidly as
would be predicted by a model assuming a constart burning
rate on water. in the highest apill rate tests, the burning
rate was higher than anticipated, probably due to increased
heat transfer arca caused by the fragmentastion of ligquid by

the spill jet.

(1 Thomas' correlation yields good agreement with measured
visible flame heights when the apparent burning rates are
used,

(411) The average emissive power of the bottom part of the flame
was computed to b about 212 kU/m2 using narrow-angle
radiometer data of all the pool fire tests. The wide-angle
rad fomcter data of pool fire test #12 indicated an average
emissive power of about 220) kw/mz. However, the scatter
in tte wide-angle radiometer data of test #12 was about
four times the scatter in the narrow-angle radtometer

data for the same test.,

(iv) The wood charring data indicated the average emirsive power

of the flame for test #12 to be between 155 kW/mz and 185 kwlmz.
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(1v) e fraction of total eccabustion energy radisted is between
2.1% to 27.,1% for rapid spill tests and 31.5X for the
slower spill tesc. There seems to be a afgnificant effect
of the spill rate on the fraction of enorgy radiated. The
highet the spill rate, the lower the fraction emitted as

thermal radiation.
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6.0 ANALYSIS OF LNG VAPOR FIRES

6.1 INTRGIWCTION

The previous section focused on pool fires where ING was spilled in
the pond and was immediately ignited, resulting in a turbulent diffusion
flame stationary over a pool of vaporizing LNG. In this section another
type of fire is analyzed. The LNG is spilled onto the pond, but is not
ignited immediately. The spilled LNG forms a pool that vaporizes due to
heat transfer from the water. The vapors arc then entrained by the pre-
vailing wind, first over water and then over land. The vapors are ignited
later, at about 70 m downwind of the spill point. A fire then spreads back

through the vapor cloud and hence {t 15 described as a ''vapor fire."

Controlled vapor fire tests involving spills of LNG on water, disper-

sion of vapore and their subsequent igniticn have not been conducted before,
_ Only tests on land have been performed and even in these tests, there were
no meassuramenta of thermal radiation from the fires. Hence, the principal

objective of the vapor fire test program waes o perform relatively large-

size field tests of vapor fires on water so as to characterize the fire
behavior and its thermal radiation output. The ultimate objective of this
part of the program is to {mprove the state of the art {n the assessment

of the potential hazards from vapor fires.

Si{x vapor f{ire tests were carried out in which about equal amounts of
LNG (4.4 to 5.5 m3) were spilled in the center of a 50 x 50 x 1 m pond.
The spill duratfons were comparable for all tests (855 to 85 s). The instru-
mentation {included movie cameras, wide-and narrow-angle radiometers, and

hydrocarbon gas analyzers.

It waa found that vapor fires spread close to the ground in the form
of a propagating plume flame. The experiments did not indicate that LNG
vapors burn in the form of a fire ball. Three stages of fire development
were identified. FPirst, a transient turbulent flame (initially premixed
and later diffusive) spread through the portion of the cloud over land
while {ncreasing in stze. The flame speed relative to the vapors ranged

from 8 to 17 m/s, increasing with an increase in wind speed. This result




18 consistent with previous studies of vapor fires on land.

Secondly, as the tlame approached the pond edpe, 1ts advance and

growth ceased, producing o steady, stationary turbulent ditfusion { Lane
inclined at about 35 to 45° from the vertical under the effect of wind.
This flame was bright orange in color with a width roughly three times its

inclined length., The flame persisted at the edge of the pond for about

half the fire duration vielding the maximum thermal radiation output at a

fairly constant level.
During this stationary stage of the fire, time-averaged overall emigsive
. 2
powers were estimated.  The values ranged from 104 to 320 kW/m™ for the wide-
”
angle radiometer data, awd 183 to 260 kW/m" for the narrow-angle radiometers

(pofated at the flame base). The wider spread of the wide-angle radiometers

data can he attributed to uncertainties {n the calculation of view factors
between the tlame and radiomet o
the vide-angle radiometer data but not 101 narrow-angie datua. 1he average
emissive power based on all radiometer data (fourteen measurements) was 210

1

kWw/m~ + 30Z (wtandard deviation).

The final stage of the vapor fire was a transient burn-out where the

flame moved towards the ING poel on the pond. The fire eventually resembled

a ool fire with sooty and reddish flamec,

ihe aforementioned behavior of the vapor fire, consisting of a rapid
tiame spread in the wapers over land followed by a stationary burn at the

¢ipe of the pond {over water) for a stgniticant duration and finally a
recontinued preal over wotetr to the spiil poini, singularly distinguishes
that have been obuserved over land. In the

towards the s;111 point.  Although

this t{re {rom the vapor lires

cter Lgse, e cire apre vdaoanat Do

we ofter several Lo thes s te interpret this behavior, further study

fs intrinsic to vapor flres on water or

Eo e el Terornine whe ther §t

' o copdttion e at China 1 ske o Spoeddfic recommen-

mor oty o el ot 1y

datlons on wnature wrk are piven in this scertfen as appropriate.
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6.2 _TEST CONDITIONS
Six vapor fire tests were conducted at China Lake. The conditions

for these tests are listed {n Table 6.1 fncluding date and time of test,

amount and duration of the spili, the chemical composition of the LNG, the

time of flare ignit{on, the ambient temperature and relative humidity, and the

wind speed and direction at the pond and the bunker. As these tests were

essentially repeat tests, the spilled volumes (4.4 to 5.5 m3) and thoe sptll

durations (59 to 89 ») were not varied signiticantly. Therefore, these

two parameters arce not expected to affect the results.  (The tests

wore repeated unttl complete sets of successful measurements were

obtafned, namely in ING 16 and 17.) However, the time between spill

and ifgnition and the wind specd varied significantly between tests
(from 2. to o4 scconds and from 4.1 to 7.2 m/s, respectively). We
tave examined the cffects of these variations on the results.

Table 6.1 gives the atmospher{c stability estimated for the wind
and {nsolati{en conditions irn each test, according to the procedure of Slade
(1968). Note that the stmospheri: atability varied from neutral (D) to
moderstely unstahle (B). Table 6.1 gives also the smount of atmospheric
precipitable water estimated for the ambient temperature and relative

humidity {n each *est, according to the procedure of Hudson (1969).

The {nstrumcntation conefsted of cameras, wide- and narrow-angie

radiometers (as for the case of the pool fire tests), and hydrocsrbon gas

ArRA0rE.  The lvdations of {ngtremente, acale markers and flares are
shown {n plot plans in Figure 6.1 and 6.2. Separate figures are given for
test Nos. 8 to 11 and Nos. 16 and 17, respectively, to illustrate minor
differences §n the locatfons of the radiometers and the presence of an

extra radiometer (No. 7) 4n the later tests.

The wind direction for eoch test is also shown in Figure 6.1 and 6.2,
Note that the varfance from the generel prevaiiing wind direction is smaller

for teats 9, 10, 16, and 17 and larger for tests 8 and 11,
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TABLE 6.

TEST_CONDITIONS OF VAPOR FIRE

TEST NO. ) 9 10

ITEM
Date o! Test
Time of Test (Hre., Min.)
ING  Compostition:
M thane 2
Ethane 2
Propane 1
Higher Yotrocant o
Nitrogen
il Partametern:
Valume Spilled, (m§)
S0l Duration, (=)

Rate of Spill :m3/u)

5/26/7 611427 1/12/717
14:40 13:30 14:08

95.11 93.81
1.84 5.33

Uncertain 1,73 0.79
0.%0 0.07
0.82 trace
! 5.4 ]
hE) ) T

0.061 0.06H 0.066

Time o dpnition (after wptlld s 20 S td
Ambient Conditions:

. W

Alt iemperature (O ( ) Y 37 [

Relative dlumtdics (D S4 2 M

- - .

atnd Spevd at Pond (moo 4.l 7.0 4.1
-

B O R T N Do AR AR

wind Spevd At bunker iy w. ! 6.1 ~ol

wonid Direction G - Jah AR

et e o I trarmental tone

1

7/13/77

14:48

93.81
5.13
0.79
.07

trace

69
0.08

(18]

- LR i Caa e B ! I "
v . v sl I ‘ i r, ~ s
e cate s Fre apitabis wWatet ((g'm 0 el “. 13,0 13.4
Ymm oect 50T o 139 14.7
‘ . .
Yoasu oedd 0 on AVove the wcater ] or ING 8, 100 11 and 2 and 1O W

water tevel io1 PN Je and 17,

*
Diteet 1 n ol «int fo tae

Cloch sine with res;oct t

1+

h/l;’/??
2114

95.64
31.43
n.71

(3.42

4.4
70
0.063

33

above

omi ave angle from whiich the wind 1s blowing measured

North.

3.

8

0.071

N

8.0
7.4
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6.3 LISTING OF DA \ CO.LECTED

The ccllected data consisted of movie records {(three to five views
for each fire), four to five wide-angle tadiometers, two narrow-angle
radio.eters, and five aydrcecarbon sensor:.. To give the reader an
cverview of the dauta generated in these tests, ve give a listing in
Table 6.2 where the datn are labelled as successful (Y), unrecognizable (UR),
off-gcale (05), lost (LY, o1 not taken in a particular test (blank).
The basis for this labelling will be discussed as the data are prescented
within this scection.

Bl LNGRELEASE, 0 T0vD FORMITION, AND TONITLON

ilpon the release of LNG onto the water surface, a4 pool wae formed,
reaching a constant diameter within a few seconds. The dlameter at maxi-
mum size was about 12 to 35 m depending on the test. The LNG boiled due
to heat transfer from the water and the vapors generated vere carried with
wind over water, then over land. The maximum height of the visible cloud

prior to {gnition was about four meters for all tests.

Two flarea, located at about 70 m from the spill point (mee Figures
6.1 and 6.7), were fgnited 27 to 64 seconds after the epill (depending
on the test). This {pnition delav was sufficiently long to allow the LNG
vapors o reach the flare prior to agnition. The time needed for the vapors
to travel to the flare wae eatimated to be 10 to 20 seconds for the various
ambient wind speeds. Thus, the vapors ignited {mmediately after flare 1g-
nitfon. The vapor was invisible at the location of the firat ignition of
the vapors. This indicates that the flammable fcplon extends beyond the

visible cloud, which {8 consaistent with the low ambient relative humidity
"
fn all tests (22 to 33N,
6.5 VAPOR FIRE DEVEL.OPMENT
bared on knowledge of the prevailing wind directions, the flares were
positioned wo as: 1) to ignite the cloud hopefully at its downwind tip and

2) to prevent cloud drift tu the bunker where the obseivers were located.

Note that in the pool fire tests, the humidity of the stagnant air owver
the pond may have been considerably higher than the humidity of the air
over the land.
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TABLE 6.2

KAl DATA FOK VAPOR FIRES

TESUNO. 0 M Mo M6 11 =
ITEMS
Films ]
Cros:zwind v v ' ' ' "
Overhead 3 v v v v v
Upwind (scuthwest) . . ' *
West Close Up v J
South Close Up '
Wide Angle Radiometers
| 0s s L 08 v v
2 AN 0y 0s v v
j) 0s 0 Os Y Y
4 . 1 v ' v
; g K
Narrow Angle Radfometers
5 ' UR . I'R v o
6 v US UR ' '
Hydrocarbon Gas Scensors
1 UH UR UR + v
2 + v
1 v v !
4 + N o
5 \L N v ¥ ! v =

Legend

v cenctes sy cesful o data R
QS derotes offe ale data

I. doeneies data 13y en but Yo
LK Aenets s neRative o1 otarrviec untecopnizatle data 1
+ desotes (Lang missc! encor doc teoan unfavoratie wind direction

hlank denotes data o @measared dn o part i ular test
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In tests

1o, 15, and 17 *he wind directions werce fairly

lose 1O the

pievatling wind direction, as {llustrated in Figures 6.1 and 6.0, Conte-

quently,

he cloud was ignited at its downwind tip and a fairly regular

flre spread upwind towards the spill polnt.

On the other hand, in tests

8 and 11, the win! was more southerly than the prevailing wind

Jirectton, thus, sending the cloud between the two [larcs (see Figure 6.1),

congsequent 'y, fpuitdon oscurred at two edges of the loud, upwind of the

cloud tip, resulting i{n a very non-uniform fire sp:cad throughout the

cloud.

The anaivais of the Jdevelopment of the vapor fire, as given in this

sevction, focusos o test Nos. 9, 10, 16, and 17 where a uniform fire was

obtained

. Teat Nos. 8 and 11 were not considered, becaugse theilr non-

uniformity made the definition of a flame edge very difficult and not

ceaningis

.Y
Ua.

From the movie records, the locations of the upwind and downwind edges

of the flsme (or burning zone) were measured as a function of time and are

glven in Figures 6.3 to 6.6 for test Nos. 9, 10, 16, and 17, respectively.

Flame edges we:» measurced from the flare location and time from the instant

of {gaftion.

to b.h.

The flame width and lengtn are also given in Figures 6.3

Flame w!.th was measurced along the direction of flame propagation,

as the differeree between the upwind and downwind edges of the flame,

Flame length war measured in a vertical plane along the general direction

¢ flame

tnelination unce: the eftect of wind (see Flpure 6.7). Figures

6.9 to 6.7 atse pive reterence marks such as the apill point, the location

¢{ the NE marker {which {8 closc to the pond edge), the time when the spill

ended, ana the cloud heipht and maximum LNG pool rad{un just prior to

{yaftion.

we also note on the time axis when the flame was in the cloud

only, when a plume flame developed and when {t turned red and sooty.

Three Jlstinct stages of fire development werve identisied in each of

the four

1.

vapor fire teats:

Transtent flame prowth;
Stationars flame near pond edge; and

Travstfent burn-out,
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FIGURE 6.7: SCHEMATIC OF MAIN STAGES OF VAPOR FIRE
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The man featuree of theee utages are {llustrated schemarically n

Figure 6.7 and are ‘'lscussed tu detatl below.

6.5.1 Stage l: Transient Flame Growth

Within the first *on seconds after ignition, {lame.s sprecacd qu.ickly
both upwind and downwind of the flare. Flame travel in both directions is
consistent witn the igritisn of the flare after the flammable cloud had
traveled over it. The 1lames were {nitially contained within the cloud but
soon extended in « flame plume abeve the cloud, as schewatically shown in
Figure 6.7a. This {s .onsf{stent with pre-mixed burning of the regions in
the cloud that were within (Lo flumunabie range prior to ‘lane arrival,
followed by diffuasive burning of the richer regicns {n the cloud. At times,
the edge of the upwind flame front was not casily visible. However, we
could tnfer {fts locution from a number of observations such as the reces-
gion of the vistble water condensation cloud* ahead of {t, the ignition of
plants and brugh within the flames and the general air motion around the
flame as made vig{'.le by the water condensation c¢loud. The uncertainty 1in
{dentifying the flame edge §s estimated to be about + 1 meter which {s very

ecceptable for the scale of this cxperiment 4%

Flame travel downwind of the flure losted only a {few seconds, After

consuming the flammable vapors therein, the downwind edge of the flame
starsed to recced toward the sptll point. Generally, the flame zone was

{aliriy normal to the wind direction.

During this transient flame growth, an average flame speed with respect
to ground was calculated by taking the siope of the upwind flame location with res-
pect to time in Figures 6.3 to 6.6, The flame speed with resapect to the
gases was obtained by subtracting the wind speed from the speed with res-
pect to ground. The results are shown fn Table 6.3 for both the upwind
and downwind spread. As the duration of the downwind spread was very short,
we fo.us ovnly on upwind epread in the discudasion below. Also shown in the
table atre wind speed at the pond, the delay in flare ignition (measured from
the insvant of spill) and the atmospheric stability for cach test., (Note

* Due to evaporation of the water fog by heat from the flame.
*4 The uncertainty in measuring the flame length {as higher (~ 4+ 2 m) due to
flame fluctuations and the 1ift off of small {lamelets.
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that zhe variatio. in the ataospheric stebility ¢ Wil o tlown

(D) tu moderat -1y unstable (B)). Vtror. Table 6.1, 1t {4 found thet:

1. Test Nos. l6 &td 17 had e sume wind speed (7.2 m/s) and
comparable {pnition dedavs (33 and 2?25 sec), snd resulted in
essentially the same upwind flame speed with respect to the

gases (within the experimental uncertainty);

Test Noo 9 had the same wind speed (7.0 m/8) av test Nos. 16 and
17, but had a benger twnfcton delav (50 sed) and resulted fn o 40%

taster flame specd;

3, Te&t No. lU had au fgnition delav compirable to test No. 9
(60 v 59 sed) bur g wmuch lower wind speed (4,1 vs, 7.2 a/s);

and resulied {n a tlame apeed slower by a factor of 2

Because the abeve results are limitad to four tests, only tentative
qualitative cbservatfons can be made. It appears that the flame speed
fucreases with an {norease {n wind speed and tn the time between spill and
flare {gnition. Thia finding i reasonable be ause the mixedness of the
ING vapors with asbient afr Jdepends on the wind speed (which affects the
rate of mixing) .d the ignition deloy (whidich determlnes the time over
whi b mixtne {4 allowed prtor to flame arrfvaly).  Cleariv, for the fuel-
s h cloud at han?', an fnorease (n mixedness, fnoreases the tlame speed.
Tt {a notewcrthy, however, that for muoh longer fgnftion delavs, as the
cloud becomed leaner, an increase $n {gnftion delav s exnected to de-
crease the tlame speed. In fact, for verv long delave, the cloud may dissi-

pate making i{gniftion no longer posasible.

The wind effect on flame speced fn a vapor cloud has been dnvestigated
by Raj and Emmons (1975) using the land vapor fire datas from several ex-
pe-fments (AGA, TRw, Gaz de France). The data on flame speed from the
present studv arc in good agreement with the published data. A compuri-
son of these results {8 sahown In Figure 6.8, Nnte that the flame apeed 1in-

creames linearly with wind speed, in the range of winds fnvestigated.

Lafortunately, there are no exiat inpg models that describe the afore-
rentioned effevts on the flame speed {n a vapar fire. The most closely-

related melde) has heen presented by Ray and Emmons {1975} for the burnine
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of a large L.amal-le vaper (loud,  Yet, this mode]l does urtr attempt to ¢ -
culate the tlame apocd. lnstead, it assumes a spesi s as to calculate the
width ¢ (he buiade AL Oonsoquent v, owe o gnn t cent thiis wodel againg!t

the tlame spoed aea vremeats ot thie woudv.

Another 1 . the unsteacey burning of unconfined tuel wvapor clouds
has been prescnted by Fro and Lewis (1976). Thia model assumea burning to
occur tn a fre !t ul. that rises (due to buoyancy) as the fuel is consumed.
Clearly, this mode! {8 completely unrelated to the obgerved behavior in

the present toests

Puture theoaet ol wor shondtd address the parttenlar sftuation at hand;
namelv, & two desendonal vapor cloud carrted 1n oa wind and {enited at ite

downwind tip with sutsequent flame propagatiorn upwind.

6.5.2 stage I stationary Flame Near Pond Edge

Upon arrival near the pond edge, the tranafent flame growth and
advance (described above) ccawed., As 1)lustrated in Figures 6.3 to 6.6,
in this stage, the {lame apipcarcd stationary with a fairly constant width
and length for a period of about 25 to 40 seconda. A fairly distinct
turbulent dit funive plume flame was observed, at an inclination of 35 to
45% trom the verttical, A schematic of this flame is given in Figure 6.7b.
Ihe Tlame heigbt 1lact ated siound ain average value at a period of about
1 seoond eonpet o Tlame adpe vsually eatended aotew meters inte the pond.
AL times, szall tlasclets might Yrun' at the edpe of the cloud, while the

2 jor portien of the ‘lame naratned stationary.

cahle 6.0 gives the averare flame length and width during this second
staye of ttre develepment. (The thermal radiation measurements during this
staxe will by discusened {n the following section.) Note that the {lame

dimensions are aporeximately the same for all the tests.

The tlame hehavior at the pond cdge was very intriguing. In leusts 8,
iy 1Y and 10t capet s lowd was appronimately centored around a corner of the
pond, da o the partiouiar wind directfon of the test (see Figure 6.9). The
flacme ¢hn stopped near the corner of the pond, but continued to spread on
land along the sldee of the pond as {llustrated in Filgure 6.9. On the
other hand, this hetavior was not observed In Test 17 dearite a nimilar
wind direcr{og. Farthermore, {n Test 9, the flame advanced into the center
of the 1A% poel hetore burning on the afdes. In the center region vhere

the flame advan-ed, the Lad was leds opagque than elsewhoere,
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A number of explanations can be offered for the lack »f motior f
the flame near the peond edge. First, the {lame muy be slowed down due to
the presence of water dreplete or dce particles in the cloud over the water
surface. The water drojlets woul! act as heat sinks that inhibit chemical
7eactions within the flam resulting in a slever (lame speed with respect to
the gases. The water dropliets result from the condensation of water vapors in
a fog form due to heat transter to the cold ING.  Since the relative humidity
near water 1s much higher than that near land, a larger amount of water should
condense thercin, i'is i~ conunistent witna a visibly denser fop over water
than over land., I[Nhis water inhibition-based ¢xplanation is consistent
with a general observation of faster flame spread in transparent clouds versus

vhite clouds (where the water fog {» present).

We found no experimental data in the literature on the effect of 3

tine vater droplets on the tlame speed {in a combustible vapor-air mixture.

Only vaguely-related results are reported by Eggleston et al. (1975) for a
jct of water aprayed into flawmable mixtures of ethylene and vinyl chloride :
confined in a plastic enclosure of about 5m x 3 m x 3 m (45 to 50 ma). i
They found an increase¢ in flame specd, probably due to increased local
turbulence caused by the water spray. Clearly, the s{tuation {8 quite

different {n the prescnt tests, where the water fog has no initial momen-

tum to affect the turbulence ievel.

A second explanation for the lack of {lame advance near the pond edge

is that the cloud 1a locally teo rich to burn. Utilizing a recently
developed model for the gravity spread of ING vapors relecased continuously

from a source (NDOFE, 1979), ve entimated the vapor concentraticn near the

downwind edge of the pond to be significantly above the upper flammability
limit of methane (151) for the spill cenditions of the tests. (In these

calculations, we have utilizced hvdrocarbon gas sengor data -- to be discussed .

in Section 6.7 on gas analvain -- ncar the flare to determine the appro-

priate entrainment coefficient.) The preaence of the pond edge becomes
then purely coincidental. This rich cloud-based hvpotheais 18 not very
plausible, however, becaumre {t does not explailn the general lack of flame

spread in the cloud peripherv where leancr concentratiors should be present.,

A tnird hypothenisn {« the formation of a circulation zone near the

pond edge that stabilizes the flame. The circulation rzone would be caused

by the local topogrraphy, where land rises above the water level in the

h-21
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pond. Becuause this difference in elevation is comparatively small (about
a few meters) and because there 18 no visible evidence of a clirculation

zone, this hypothesis seems doubtful,

Further experimental and theoretical work 18 required to sort out the
various hypotheses described above and to explain the reason for flame
atta-hment near the pond. Suggestions on such work are given in the recom-

mendationg scection.

~.5.3 stage 3: Transient Burn-out

Atter buing aporoximately stationary near the pond edge, for half the
fire duration, the flame continued tts upwind motion towards the spill

per e bor Tests 4, 16

*

, and 17, thin occurred approximately near

the end of the spill, while {1 occurred much later in Test No. 10. This
transient bSurn-out stage lasted tor a fraction of a minute until all the
LNC was consumed. At the very end of the test, the fire resembled a pool

fire with a sooty and reddish plume,

nL 4 Flase Length/Width Ratde

The flame lergth and width* throughoust the vapor fire are plotted in
FY s te f, 0 toar the Tour tests ditcusancd above, pased on tiw present
el ts 0 as possibic to make only a4 Lalitative statement to the
ot that tlame oot Increanes wit! flame width:. There {8 too much
v trr v rrovide any meaniapfal corrctatdfon.  Ihe signiffcant
uantttative rosalt fe that the flame befpht to —1dth ratio {s less than

ity oand e much closer ta )72

we note that the Rad and Emmons' model (1979%) for a vapor fire
Aas .med a4 conatant ratfo ot 2 tor the flame length to {te width, for the
eadre Juration of flre. Thie fe {n variance with the above data, although
{t vould tend ta give conmervative entimates of thermal flux from the flame.
Fu:rthermote, even when this ratio fs adfusted in the model so as to fit our
exnrrimental Jdata, the predicted dependence of the maximum flame width on the
flam: epeed 18 at varfan ¢ with toasutvment s, Clearly, the specific situation

At hand has not been aodelled and shouid be addresged in future work.

* tlame tength = length of the viafible tlame plume from the ground to the
tip.
Width = width at ground level of the sone of burning measured along the

Mrecrion o propagatfon of flarw, lenptn and widtl are defined in
Figure 6.7h,
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6.6 RADIATION ANALYSIS
6.6.1 Data (ellection and Evaluation :

Radiation data were collected using wide-angle and narrow-angle
ridiometers placed at selected locations as {indicated 1n Figures 6.1 and

6.2, The radlometer gserial numbers, locations, clevation above the water

evel in the pond, orfentation and window material are listed (n

fible 6,40 Most of the radiometers were orfented approximately along

¢t maal

tie crosswind directfon <o av to viceld an unebstructed view of the fire,

Twoe exceptions (Kadiometer 4 fn Tests 8 to 11 and Kaddometer 7 in

leats 16 and 17) were placed along the upwind dircction.»

P RPN

The output o1 each radicmeter wvas examined fndividually to determine

whiether the measurement was sucressfiul or not. Clearly, all off-scale out-

T

pats were Jiscarded . Furthermwre, we checked the consistency of the radiom-

¢ er outpul with the obscrved flame behavior shown in Flgures 6.3 to 6.6,
by comparing the time gt wnich the radlometer ~tartoed teo respond and the res-
ponse duration with the {unition delav and the duratiop of the fire, res-

pectively.  When such a consistency was Tacking or when the readings were

1

acyvatlive, the outputs were digearded ae nnt yocopnts

cable (Badlometer S

[y

L s

cets Coand T oand Radiometer 6 dn Test 1Y, Te Lok farther the validity

27 the raidtometer cutpnt, we corpared {ts fluctuationrs with the flame fluc-
tuatfor .. This was very ajparent dn Test No.o 17 where two successive 1g-

a tfons (ccurred. v summarsy st of the collected radiometer data is given

{0 Tabie o, . [he data are 1abelled as successnful, off-Acale, unrecognizable,

vt d o 1Y data of Test Yoo 1T were lost. Blanks in Table 6.2 denote that

t e dr oa were ot collected,

Aotentdl s cesntr) o rac, e ter nmitput 4s given in Fipure .11 (from

N B e N e bignrs Dows taat the maximim re<ponse

o ittty The selon oi tire development (defined in Section

Lo

Cwhey cbe flame {s otatfonary near the pond edpre and 18 of maximum

.menalonn.  The cutput als has a fafrly conttunt average value (about ZOOKH/mZ)

cerept tor wore fluctaalic e Yot oup to YA kw/mt oand down to 170 l;w/mz).

* The Jdata from the upwind raciomelors were not oiaterpreted
cance corresn Ludiag view fa tors could w0t he edtimated.  In one test,
w it camery data were Jacking: {n the other testn portions of the flame
wete ot alde the fleld of view ©f the uowind camera.
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These radiometer tiuctuaticns are attributable te fluctuations in {lame

size, both having a time constant of about 1 sec.

From the harard point of view, targers exposed to flame radiation
such as wood and stecl structures would have response times much larger
than 1 second. Consequently, tney would integrate the radiation fluctu-
ations over the exposure fncerval, thus effectively sensing only the average
radiation (nay 00 bkﬁmc o Fagute 60110 Consequently, wWe have focused our
aralysis on the time-averaged output of the radiometers, An analysis of
the fluctuaticns weuld have requived calculattions of the instantaneocus
view fuctors and the svachronization of the mevie and radiometer recorde
(accounting tor phase shifts due to the response time of the radioweters).
Clearly, this s an awesome task that would also introduce large errors.
Since this was rot needed from the hazard aaglysis point of view, we did not

enalyze the fluctuations in the radfometer outputs, focusing only on

average vutputs,

6.6.2 View Facter calculations

Based on the discussion of the previcus section, we nced only deter-
mine view factors between flame and radiometers that are averaged over
the second stage of the vapor tire.

Wide Angle

To get the view factor between the wide-angle radiometer and the flame,
we assumed that the flame can be represented by a rectangular plane. The
average dimensioms of this rectangle were calculated in two different methods
bv two different data analvsts. The two methods are summarized in Table 5.5.
The reaults, also shown {fu iable 6,5, Indicate that the two methods may
disagree by up to 237 in flame arca (for Test No. 9), due to uncertainties
{n defining the {rregular shape of the flame and in locating {ts edge.
Voartounatelv, the Jd{uaoreement fa onlv within 2 to RY for Toata 16 and 17.

Only these two tests vielded successful wide-anple radiometer data for which

the flame dimensiens were needed to calculate view factors. Conscquently, the

uscertainty 19 our view factors Is limited.

-
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The view factors were calculated using Hottel 's Charts (1967) for

radiation from a rectangular plane (the flame) to a parallel infinitesimal

element (the radiometer) placed at one corner of the plane. We corrected

for the fact that the flame was not exactly parallel] to the element by

geometric projection. The calculated view factors are givem in Table 6.6.

(This table will be discussed turther below.)

Narrow-Angle Radiometers
For a narrow-angle radiometer, the view factor 1s unity when the field

of view s completely filled by the flame. For a 7° (full cone) angle

rvadiometer, the fields of view are 2.7 and 4.2 m in radius at diatances of

44 and 69 m, respectively. We verified that these small fields of view

were completelv filled by the flame during the interval over which the out-

puts of the narrow-~angle radiomcters were used. Consequently, we utilized

a view factor of unity.

6.6.3 TFlame Emisgsive Power

cutnuts (as defined in Section 6.6.1) are

The average radiometer

given in Tahle 6.6 for all the surcessful measurementa, along with the
corresponding view tactors (F), window and atmospheric transmissivities
(tv and T ). The atmospheric transmissivity {8 only approximate as {t

assiumes that the flame 18 a black body radlator at 1156 K and absorption

occurs only in the water banda. 1In rcality, the flame s & bund emitter

due to the presence of hot water and carbon dloxide, as explained in

Chapter 4 on spectral measurementsa, This "approximate' atmospheric trans-

missiviiy (ot variocus path length and amhient humidity has heen presented

in & recent paper (Raj, 1977). Because of the relatively short path

between flame and radiometers, the use of there transamissivities is

expected to lead to fnsignificant errors.

he29
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TABLE 6.6
EMISSIVE POWER CALCULATIONS FOR VAPOR FIRES
Type
of Average
RadiometerRadio- Output View Transmissivity Emissive Power
e Number Meter my  Factor Window Armosphere (kW/m?)
Test No. 8 (5/26/77) Based on Calibration
of 9/14/76

6 NA 0.7C 1 » 0.77 210
Teat No, 9 (6/1/77)

5 RA 2.9 1 * 0.78 260
Test No. 16 {6/12/78) Based on Calibration

of 8/10/78%#

1 WA 2.7 0.021 0.79 0.75 115

2 WA 2.9 0.031 0.7% 0.7¢6 118

3 WA 5.8 0.031 0.68 0.76 170

4 WA 5.9 0.048 0.79 0.78 104

5 NA 2.0 1 ® 0.78 183

6 NA 2.1 1 * 0.78 200
Test Y. 17 (6/113,78)

1 Wh 4.3 0.014 0.79 0.76 240

J WA 4.5 0.021 V.79 G.7 260

) WA 8.4 0,021 n o6k 0.77 320

“ Who30T GL035 GL79 0.79 300

Y NA 3.0 1 « 0.79 250

[ NA P ' @ n.7% 229

Average = 2.0

Standard Deviation = + 65
(or + 30%)

= No correction for sindow transmissivity as same sopphire window was used in
both calibration and measurement.

** Except radiometer No. 3 which war callbrated on 1721778,

A = Narrow-Angle Radiometer

WA = Wide~Angle tadiometer
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Because the f oame Jdepth s about 30 m, 1t ts ansumed to be optically
thick, and the emfissive power (F) {s caleulated according te:

Eevy 7l 7 (6.1)

w oa

Whe e

oy 2

¢ = the radfemeier cuciut cfn kWm' ) averaged over the period where

the flame s stattoners ear the pond cdye.
The reaules calealated ndng rthe above cquat i are Ytuated in

PR t AR | ,
B N A T

Table 6.6 an'

(1

The range of caliulat.,

17 betng

are Yfao

Range ot tmfssive Powers

i

wit! Test on the hipgh side, while Test 16 on the low side

foand 9 {n the middle range. The ranve {s much narrower for cmissive

b
wWtometer data, (136 to 260 kW/m®  as shown 1

basvd on onlv narrow angle

[l

93
eaissi e pwers covers from 104 to 320 kW/e®
ani Tests

powers

n

Tatle 6,71, It fs neteworthy that the average {n bath cases (s about the sanme
)
200 kW/mT) . .
wr
To cheva the tepeatabilit, f the results, we can compare only Tests
N oAand 1T tor e comnlete gets ef radleseter data have been obradned,
Foro e h oot thewe teeta, tb e e tiat gl wl e and matrow-ang le o radiometere
[IESY Lo and oyre L L omstatent roaults withiag 40 7 to 13T of thedr
et iy s, Hodever, e wideoar e data for the tee testes Nffer signiticantly
froz cne anether, =hile the sartow-aner tadlometer dara differ by much less.
Aowmalloyoertd Cortaes At 0 mar be o attributed to radiadive
Cooling of the pattevmter it tor b othe cold e o whiclh oocurs only oat night
Tl Test N T aned s tot the o wids -anple radtomerers, In Test Neo 16, the
view facters betwoen the ool omey oand o wlide-angle tadtoreters varfed from 0,95
DR bt le the s wete et tor the narrow-ang b tadiometere (assundng that the
. oo
n redmini the radiometer data, we used the criginal calibration (urves
Clated 9/14/76) for the 1977 teats (Nos. B and 9), and the most recent
“alibration curves (dated 1/10/ .8, except for radiometer No. 3 whirh was
dated 3/1.778) tor the 1974 test (Noa, 16 and 17). The radiometets
were recalihrated after befng engulfet in flames during Test 13 (5/26/748).
*¢ bBadioweter No. 3 haw a dfferent tvpe of win'ow and ta digcussed helow,

t- 1]




flame {8 optically thick). Thus, from dayv to night teats, we should expect
difterences between the wide-angle radiometers data and no ditference be-
tween the narrow-angle ones.  These differences are estimated to be amall
(aboeut 10%), however, since the sapphire windows on the radicmeter minl-

mized reradfation to space In the long wave-length region.

Most of the Jitffervace between the results from the two types of
radiometers 1y probaoly attributable to errors introduced in the calcu~
latton ot view factors which are needed only in the reduction of the wide-
angle radiemeter data.  Thewe cerrers are due to the frregular shape of the
flame . the dftdaley dn Jdetermintng flame tilt, and the uncertainty in

wocatng fes edpes.
13y btrect of Kadlometer Wincows on Results

In tests 1o and 17, Radtometers 2 ~ud 3 wore placed at the same loca-
Lion but with difterent windows, sapphire and Ilrtran &, respectively. The

apectral transidesivity of the sapphiire window s abeut U8 up to 4.5 um.

but dreps quickly thetcafter and hecomes zero bevond 8 um; while that of the

crtren e o window de oo e G T m e Appoendix D)L

The cmtbwtve newers caloulated according te Radiometer 2 are lesgs than

hese acesrding to Ravdometer 3 by 1021 and 19%, for Teste 16 awd 17, res-
preterelyv. This trend (s conststent with the spectral transmissivity of

roae 'wnvwlnd»uw. However o 0% dif{ference ix larger than expected, con-
sider,s e that anoat U T o radbated envagy liea fn the region beyond

5.% .n.
A - e v PRL LN P
. FLAENR o ARDY Y San Dy

Fis sovdrooarh o gas aniivzers® were placed at sclected locavions
fom-wint f the aptll petnr, as {llastrated {n Flpure 6.1 and 6,2. The
elevation »f the aennors above ground wam 0,61 m.  The mensor outputs
Py rvsre Bt 1 were o mpletely uirecognirahle and were thus dis-
catded.  Soc e fnl ata were cbtatned In testes 16 and 17, however. Still,
thicr senaora dere taaaed” by the (loud due to the particular wind direc-

ttom in cear 1 (age Vipure ¢ 0,

mo.stile gas atalvzor, Model [-900, manufaitured by Mine Safety

i e M R TR IR O



3 TABLY 6.7

EMISS1VE POWER BASED ON ONLY NARROW
ANGLE RADIOMETER DATA

Test No. Radiomet.r No Loissive Power
KETILNS)

" 3} 210
3
4

L 9 5 260
L

14 p) 181

6 200

17 P 250

6 220

Average =220

Standard Deviation = 4 27 (or + 120)
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The gas sendor response shows very raptd rise in hvdrocarbon concen-
trations as the cloud moves over the sensor, shooting off scale (1.e.,
larger than 5! methane). The response also drops rapidly upon {lame arri-
val over the sensor. For Test 17, the vapor ¢loud speed (without igntition)
was estimited based on the gas sensor response. The speed was tound to be
cqual to roughly half the sum ot the wind speed and a gravity (nduced
speed® of the wegatively buovant vapors. A similar agreement was not ob-

talined for Tewt 17, premumably due to a slowdown or shifting of the wind,
0.5 RESULTS AND ¢ NCTUSTONS
The reawlts and conclowfons baded on the vapor fire tests are:

1. Landtton of dispersed vapors generated by the spill of LNG on
water vields a sdpreading plupe {lame that remains close to the

pround. A tize-ball tvpe of vapor burning was not observed.

2.0 The tire sprealds ot g o siwatticantly taster rate in the portion
vt the cloud over land versus that over water. This mav be
altributed to the presens e of larger amoants of condenaecd water aad ice
actesels over water than ovet land, which, 1ahibit the {ire  spread.
Further work 18 needed to shed more Hghit on this point,

V. The fire soread rate over Jand te tound toe increase with an
Lo rease dn wtad wpeed, aw has heen ohserved previously.,  The
bBuid of the data obiafaed G0 far suggests a linear relationsahip
torowfedth o et T e L1 mph)
Sear the e ey, the tire remained stationary with nearly con-
artact dimenatons coes abont hald o the burn interval.  The burning
rone dimendfoe s were about the same for all tests with average
alaew ot b e w0 = o= width Criong the fire propa-
cat o Mrestdioand o leagtt tfn the vertical planc), snd depth.

Y. Trroaphout the wacer fire, the ratio of burning rone length to

R e croart ouncty, whilch i« smaller than has been

*oravitys "aduced aped s o8 4 capor clond of hefpht () and Jensity

€ lavger than o1t o 0 dw ot the order of
X vt
/ v ' '
. LS ' H » §omis T the present tests (6.2)
a
(Y
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6. The radiant emissive power calvulated tor the starionary stage

of the fire near the pond =dge is found to range from 104 to 320

kw/mj with an aveirage value of 210 kH/mz + 302 (etandard deviation).

7. Although the number of tests was limited, a remarkable repeat-
ability of the main fire behavior has been observed between teuts.
The radiant emissive power estimated based on the narrow-angle
radivmeter data was quite repeatable while that based on the wide-

angle radlometer data varted significantly.
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7. :OMPARISON OF RESULTS AND RECOMMENDATONS

In this chap'er tae vesults (btafned trom pool {ire tedts and vanor
fire testn are summarized, compaved, and contrasted. Also indicated are
models for use in the assessment of thermal hazards from LNG fires en

water., Finally a list of recommendarions for future work 18 provided.

7.1 COMPARLSON OF FIAME EMISSIVE POWER RESULTS FROM POOL FIRES AND_VAPOR

The theymal radiative cutpul ot the pool fires ad vapor fires have
been ¢alvulated ustng “he data from the rarrew-anle radieroters,

wide-angle radiometers, and in one experiment, from a spectrometer, In

another test, wooden stakes were positioned to ohserve the degree of charring

at various distancer. These were discunsed in detall {n Chapters 4, 5,
and 6, In this section, the thermal data and results are compared with a
view to draving ceoncluafions about the nature of thermal radiation from

pocl fires and vapor fires.

The flame eminnive powes {4 one important phvsical quantity whose
vaiucs were determined. This representsa the energy emitted by a nominal

[P
SurL. g

RN 2T PR o |
HHRVI e X .4

Wliva < w Yo, Paleslve pdwct in esitimated usiog data frtom
receptova poasftioned at known Jdistances from the fire. Wide-angle radiom-
cters and the wooien stakes received thermat radfation from the entire

lame shect . sarrow-angie radiometers and the skpectrometer were positioned
82 that onlv a portion of the lower part of the flame was viewed, Thus,
the emisalve power edtimated from cach data acurce represents an average
value (ver the flam area viewed by the particular receptor instrument.

The emissive power results from Chapters 5 and 6 and are repeated in Table

T Toamisle
L 184

Wnman b inee 4 A~
« .. St ail CRAt aw

- . -~ - -
= Gardda P wa [

angle tadlometer data for pool femis 1 thiough

6 pive unreaaonable values for the eminaive power?* and are, therefore,
omftted {n Table 7.1 (fer a discussion on this sce Chapter 5, Section 5.4.3).
Also fndivated {n the 1able are the results froa the spectrometer data and

those obtadned from the data on the charring of wooden stakes.

Aa can be seer from the rewults presented in Table 7.1 there does (at

appear teo he anv systematic variation fu the value of the evaluated - mim-

¢ Thim {8 due to instrument calibration problems.
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sive power. The narrow-anygle radiometer data, which dicect ]y | dve the omisgive
power (except ‘or a minor correctiopr for the atmos;heric absorption) vary from
a low of 179 kH/mz to a high of 260 kk/m2 over the entire experimental range,
including both paol fire anl vapor tire tests. The specrrometer, wood charring,
and wide angle data are generally consisteat with the narrow-angle data.

The purpose ot the delayed {gnition pool tire tests was to obtain a large

jameter tire te determine whether the flame was optically thick., The
cuissive power results from these tests have wide oo atter but indicate a
somewhat higher mean emtsrive power than pool tiies, 1t {s likely, therefore,
ttat the pool firesw were vot opticaily thick,

In geteval, vapor tire emissive power values are somewhat higher than
those trom pool tivres., 1his may be duc to two reasons. Vapor fires may be
~omewhint hotter becaase ot the burning ot a partfally premixed vapor-air
mixture. Hence, the combustion {8 lllely to be more efficient. Secondly,
the thickness of the vapor fires along the direction of sight of the narrow-
angle radicoeters were In general larger than those in the case of pool fires,
{.v., the vapor cloud width was greater than the burning pool width., This
suggests that vapor tires were perhaps more optically thick than pool fires.
Alac begcausne the entire vapor cloud was partially premixed with air, combustion
could occur throughout the width, In a large turbulent diffusztion pool fire
whoere the air s entrained trom the vutside of the !lame plume, there are
always pochets ot cold afr and burnt gan "trapped” within the folds of the
tlame shevts raking the fire apyem to be "voeler” overall than a turbulent
preafxed fire.

In Table 7.1, the average emisuive pover estimates are shown along with
teiximum and winimum values for the ateady burning portion of each test., The
miximum and minieun values represent trends during the perfod of steady
burning and do not retlect the rapid fluctuations of thermal flux due to
pulsations in the flame.

The variability in the narrow-angle cemissive power between ¢ minimum and
a manimum (reckoned only {n the quasi-steady state burning period) in the pool
{ire experiments fs most protably due to the {ncrcased Juminosity of the fire
towards the end of the burning period. This appears to be due to the higher
luminrus snot concentrations caused by the combustion of Increasing quantitien
of cthane, propane, and butane {n the later stages of the fire, (Mcthane
vaporizes preferentially fn the carly stages ecause £t has a higher relative

.olatitity.) The spectrometer data contdrm this ohgervation in test #5.

7-3
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In the vapor fire rests, the flame emissive power remaina fairly
constant during the steady burning period and the range indicated in
Teats 16 and 17 represent readings from two instruments. The instrument
which read lower in Test b read higher in Test 17, so this does not appear
to be an instrument calfbration effect. In the vapor fire tests, methanc
composition of the LNG remained fairly constant. As a matter of fact,
the ethane c.untent in Test 9 {8 the lowest (1.82), vet this teat gives
the highest emimgive power. However, the propane content {s highest in
this test (1,74 compared to 0,82 {n the others). Whether such small
varfations in propane content can lead to a wide variability in emissive
pover 48 doubttul. We have been unable to discern any svstematic trend in
the variability of the emiusnive powers obtained from the narrow-angle
radiometer data.,  The explandation mav be simplv that because of nature of
the vapor tire burnfng and the vaparifes of the wind, the eifective optical
path along the radiometer axis varfed from test to test, Such a conclusion,
however, doews not jJustify the variability {n the emissive power data (from
narrow-angle radfometers) obtatned trom the pool fires. In these tests
one expects the optical depth to remain about the same considering that

the flame dlameters were all essentfally the same (about 14 meters).

The reulta presented (n Table 7.1 indirate larger standard de-
viations with wide-anple readings when compared to those with narrow-angle
realings.  The explanation for this mav lfe 1n the method by which the
eToskive vower o calouiated fror the wide-angle radtometer data. Thie
{rvolves the determination of shape, size and corientation of the visible
fire fror movie recotrds (4 somewhat subjectfve operation) and then the cal-
culatrton of the eftectfve view “actor . Because of the ralatively small
mavnitades of the view ta tore (compared to unfty) relatively minor er-urs
in tne toame f2e coentrabhnte te efpnttl. ant varfatfons in the estimated view

factor and hence dn the encatee pover,
We aleo vt tce thao the wide-angle results are in general higher than
narrow-angle results,  Scworal explanations can be constidered. In the

cate of joal fires, the narrow anglcs were afmed at the lower sections of

the flame. Tt {s li{kelv that lumincus scot concentrations increased with
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hetght {n the flame making the flame more radiative .t higher elevations.
This would tend (o ma<e the wide-angle readings highder, ‘ihe other possi-~
bility 18 that the effective fire dlameter incrcases with hetight. That
is, the infrared emitting gasen form an {nverted frustum of a cone with a
visible core in the middle, 1t ie this core which {f seen in the motion
plcturesa. The hat, tut dnvisible gases (risfng in the plume) surrounding
tie cove may contrjlute to higher wide-angle radtometer readings and hen:e
nigher emissive power (which 14 based on visible flame arca). Since no
infrared pictures o! the {ire were taken, this hypotacsis cannot be con-

tHrmed.,

The emissive power of the flame obtained from the spectroscopic data
is in close agreement with the results from narrow-angle data for Test #5.
e recall that the emissive power from the spectral data was based on a
flam' temperature of 1500 K* and stoichiomerric combustion. The fire is
tound not te be optically thick (over the entire infrared wave lengths)
cven though the visible Jiameter was 13 o, Using the speciral model, an
equivalent tiame eminsive power would Le about 210 kiW/m7 which 48 {n good
agreement with the narrow-angle radiometer data. 1t fs unfortunate that
the wide-angle result frem this test cannot be cnmpnfvd with efther narrow-
angle or apevtroscopic results becanse we suspect that the wide-angle
radiometer calibrations were {ncorrect., However, the agrecment of the re-
sulte In Test 127, based on wide- and narrow-angle radiomerers is very good,
Results bascd on wood charring data give somewhat lower valuex. This may
he because of the {mprecise {nformation on the thermal flux level at which
the particuiar wocd used snisiis 0 char., WYe¢ have assumed thic lavel to he
10 kw/mz, but 4t could be aa high as 35 kk'/m2 in which case the estimated

emisaive pover would be clomser to the radiometer-based result.

The compariscen above Iindficates the significant variability in the emis-
sive pover results. Several pesaible factors have been discussed. None of
them can satiafactorily explain all of the diffcrences. Under these con-
ditiona, the task ot rvrecommending a valuc for the emissive power to be

* Black body emisnive power at this temperature is 287 kW/m™,

e e o 2
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used in hazard calculations becomes difficult. We have more confidence in
the spectroscopic data and the narrow-angle data. Our recommendation 1is
for characterizing the ING fire with a temperature of 1500 K and stoichio-
metric combustion and to use the physical thickness of the fire (diemeter)
for the optical path length. This gives a maximum emissive power of 287
kh’/n2 for an optically thick flame which is close to the obaerved maximum
in vapor fires.

7.2  SUCCESTED MODEL_FOR USI. IN ASSESSING THERMAL RADIATION HAZARDS FROM

ING POOL_FIRES ON WATER

The evaluation of the thermal radiation field around a LNG fire is

made bv calculating, in scquence, the following parameters:
1. The dlameter of pocl spread with a fire on the pool.
2. The time averaged mean {lame height,

i, The emissivity of the five (H,0, CO,, and soot cminsiviries).

&~

The view factor te an element at a given distance from the center

of the fire.

5. The atmospheric transmissivitv to the given distance.

Based on the data from the expetiments indicated 1o this report and
the analvses of the data, maynitudes of some of the physical quantities
can be established for use in hazard models. Our recommendations for the

values of the varfous quantities are indicated in Table 7.2. Fyrther

sur recomeendat fons for the equat fons include the following:

Poel Spread

R
hoo- {f XJ For continuous spills (7.1)
1/8
Viog (1 - by
W For instantaneous spill 7.2)
nmn; 2

{a which the value of v from Table 7.2 should be used.

7
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Flame Hefph
n.6
L g .
BL T I (7.3
‘a v gD

Radiative Transfer

The themmal radiation tlux at anv point outside the fire is

determined from the cquation
q = F_FJl. + - (7.4)

N H, ¢ 5 H,C

F. = Black body emissive power at {lame temperature

b i
F = View factor {
i
' (_- Comhiped hand cmissivitios of (L and € in the fire i
. - - Kl
|
tg = Soot emissicity {n the 3 ire i
i
i
u" e " Band absorptivity of water vaper and €0 {n the
' atmosphere.  This absorpti-ity {s repre€entative !
of onlv the feollowine hanes: :
i
H,o0 , 187, 2.7 and 6.1 microne i
. 1
co, 2.7 toverlap), 4.3 and 1% microns
Also this absorptivity {8 to be calculated for a weighted i
mean radiation path through the atmosphere (see
equat fons B9-K11).
7.2.1 1llust:ative Fxample
~ o] 3 .
Consider the spill ot 25,000 m ot ING onto the water surface in §
1" minutes. It {s required to calrulate the radfat{ve heat flux to a i
vertical element at water level, located at 1 km from the center of
spill. The temperainre of the ambient is 20°C and relative humidity ;
]
NV R j
PR :
Il
|
—d




Tn obtalniny the result tor the above problem we msxe uin 9t the

vilues recommend o e “able 7.1,

flamete. of peol Jcontinueus spill formula, equation !.5)

+ 97 w
Flame heaght o« 1,52 x 297 = 5D m
Partial pressure > beam length for R0 -
0180 x 297 i ~ 56.4 atm ™
Partial pressure beam length for (0, =
0.095 x 297 ) - 28.2 atm w

At these partial pressure-~length values the flame can be considered

to he optically thick. Hence the tetal emissivity of the flame including

the aocot emission should be unity.
2
Total radiative encrgy released from the flame = Eh = 287 KW/m

Atmospheric absorptivity over the ! km distance s caliulated using
vither Hottel charts (Hottel and Sarofim. 1967) cr by 1 iin, the Yana

by band ahsorptiviry calvulatioas of Fdwards and Balakrishnarn (1973):

Partial pressure of water vapor in the = 1.38 x 10 atm
atmosphere (20°C, 60 2 RH)

-
Partial jressure of €O in the atmosphere = 3 x 10 Atm

Hence,
-2 }
- R 10 ] - 18
(N,)an 1.38 » x 1 1918 atm m

(pL)CG, = Ix 107« 1”3 - 9.3 atmn

«

Unfortunatelv, the charts provided {n Hottel and Sarofim (1967)
do not contaln the range of pl tor H_O encountered ia ihis problam. VYo

[
therefore choose the (rather iedious) method of absorptivity calcu-
lations indicated by Fdwards and Balakrishnan (1973). For detailed

calculations the referenced paner should be consulted.

lotal abworptivity of H_ O and C02 LI « 0.370
{n 20°C, 60% RH, 1 km“path atm
el ' ? h] 3
* I oaddittion, Gy Ars ky'm and ca T 1.2 ¥p/m
P ]
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The view facter to a vertical clement at 1 km from a fire of

797 m diamcter and 450 m height = 00,0415 (see tables in Raj (1977)).

hence the thermal flux received at 1 km distance is:

(1 km) = E F (1 -a ) = 287 x 0.0415 x 0.63 = 7.5 kW/m
b Atm

It {s noted that {n a path lenypth of 1 km the effects of
absorption by other gases such as carbon monoxide, ~itrous oxide,
methane, ete. in the atmosphere can begin to be noticeable, Therefore,
thic calaulated flux recefved, {ndicated above, is probably the upper

bound for the ¢lux.

V.3 SUGGESTEDY MODED VOB ASSESSING THERMAL RADIATION HAZARDS FROM

INCNFINED Vabuk C1ovh FIRES

The data from vapor tires have indlcated the turbulent flame
spread velocity in uncont {ned vapor clouds as well as the magnitude of
radiative emisaion.,  Also the tests showed that there could be a
stgntflvantly different tvpe of vaper ¢loud fire behavior on a
badv of water curparved to that on land. (The fire spread rate seems
to he less on water)  Since additional direct data (such as the
relationshiip hetween turbalent {lame speed and density of water fog in a
cordust {thile vapor (loud) would be necessary before a vapor fire spread
made]l on water can be developed and since the fire spread rate on land
i higher we recommen! the vse of the currently available vapor fire
model for harard arsesament puxvnsvs.* Such a calculation would be

condery ttive.,

The recommended vapor tire hazard assessment model is therefore
a "wall fire'” model charactericed be o the burneng of vapor in the form
ot a prepagating, fcliose to ihv wivuand) tlame plume. The model calculation

favolves the folliwing atops:

J. Caleulating from the ¥nown inftial vapor cloud spread,
thickness and the oncentration disirlibution in the cloud,
an equivalent cloud thickness within which the concentration

s unfform tand atove lower flammshle 1imit).

L]
this rodel {8 desreribed in detafl {n a paper by Raj and Fomons (1975).

/=10
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thickneas 3 nm.

o

Ohtaloing ~om the (enpirical) graph prisented in Figure 6.8,

the tutbhulent flame speed telatf{ve to the vapors corresponding

to the prevalling wind spend,

3. Calculating the maximum burning zone wiath assuming a flame

hefght o width ratio of 1 (see Chapter /).

give the flam plume length.

This will also

4. Determining the radiation zone around the flame with fl.une

emiss{ive power tor verv large optical path lengths (very

)
wide fire normal to the wind direction) taken as 287 kW/m™.

If the flarme is not optically thick in a given direction

tt emigsivity has to be calculated by using che recommended

values given in Table 7...

)

7.3.1 Illustrative Example

A vapor cloud has

as followa:

From Figure 6.8

The flame speed ar

The wind speed s

4 nean vapor concentration of 20% (molar) and is

Thickness of cloud

Flame Froude number

Inverse volumetric expansion ratio of

methane at 20% concentration

[Crvr thn ~alpralatiaon af thia naramater
pror ot calculation ot thig narameter

(2R

ace Ray and Fmmons (1979))

Denaity of vapor cloud containing 207

vapor bhv volume

Ratio of cloud density

Air fuel mass ratio for the combustion

of methane

7-11

Y m/s.

5 m/s wind apeed

to air denxity

Jimensions are calcu-

o
(o]

r

17.5 m/a

1.33 kx/m3

1.13

17.2
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Hence, using the equation from the

tor visitle
flame

Henee, W/ g - B88.5

= B88.5x3 = 265m

Therefare, width of burning zone
- = 265 m

Length of {lame plume

For calculating thermal radiation to a point outside the fire zone,
conventional view factor calculations have to be made assuming the

rlame to be a tilted rectangle. We also note that the flame front is

moving at a speed of 10.5 - 5 = 5.5 m/s relative to the ground,

against the wind divection.

7. A RECOMMENDATIONS

With a view to providing better puidance for future LNG fire

seacch and delineating the {mportant {nformation to be gathered we

re
make the tollowing recommendations.,
Better spectral data on large ING fires should be measured.

This should {nclnde the foallowing:

® The spectimeter should he located as close as possible

to the {i{re to minimize the absorption «ffects in the

atmosphere,  1f peceasarv a nitrogen flushed optical

avetem (Which mav involve providing a cooled pipe to

almost the fire surface) shouid be considerad.
e The spectrometer should be provided with fore-optics

to minimize the off center {mage problems.
1f possible, tue spectral scan range should be extended

to 10 1w,

Fast scanning interferometers (Michelson type) should be

used. A very fast scanning menochromator may also be

Aacceptable.

A s o
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Consideraticus should also be given too the use of

expendable soectroneters (Mpolvehromator”™).  These re
nasd cally tilrer radicmctors sensiiive to «nlvy certain
cepiors of (he apectrum. However, they may ot fer lew

cost data acquist fon at the expense of accuracy.

Spectral data should be obtained trom differcnt parts of
the tlame along {ts hefpht to see {f the upper parts of the
flame are significant v more radiative than lower parts.
This mav he achiceved by simpls tiltineg the spectrometer
!

axis (or aomirror tn front of the spectroceter) to "seo!

difterent parts ot the flame.

Spectrometens <sbhoeuld be otiliced to confirn or refute the
postulate that layge visible tires mav be sut rounded by a

blanket of hot products of combustion which do not radlate

{n the visible but radiate in the infrared.

It mav be possible to alipgn (ne spectromter carcfully
during an experiment so that the fleld of view does not
contain anv visible part of the fire but contains the hot
te he on the outside., This

1 PR e P
combun i aai .r.udm {s ascumoed

2
)

could aiso be aupnented with spill or motion pictures
taken with infrared f{lnm.

Narrov anple radfometers should be movable 1in a vertical
plane so that the emirsion from different parts of the

flame can be recoerded.

In this meries of (ests the narrow angle rediometer data
have been rmore relfable than those from wide -angle
radiometere. We therctore recommend using more
narrow-angle rad{ometers than just the two that were used
{n the current series,

Use of wide angle radfometers should be continued, however,

with 72 se iirivand windows. The calibration of the

radiometers should be performed without and «with windows.,

Direct in situ meauwurements of zas concentration and composition

in the widdic ol 5 pog

surface) should be male to see If g nignificant quantitv of

L e

unburned fuel wvapor moves up in the center of the fire,

=1

1S40y {one s ab~at 1o o above the noal
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Larger tests would be useful te provide more data on optically
thick pool fires and mav also indicate that above a certain

size, the fire burns in multiple cells rather than as a single
plume, It would also be interesting to confirm that the quan-

tity of unburned fuel increases with increasing fire size,

8. The effect on a4 pool fire of increasing vaporization rates by
jetting NG {nto the water should be investigated to verify the
hypothesis that this should decrease hazard zones over those
predicted by a model for a apreading rool on a smooth water

surface,
For future vapor cloud fire study we recommend that:

9. laboratorv scale or medium ficld scale tests be performed
to understand the effects of small droplets of water (fog) on

the turbulent flame propagation in unconfined clouds.

This series of tests indicated a significantly different behavior
ot the vapor cloud tire on water compared to that on land, It
has been postulated that the major reason for this may be the
high density of water fog particles in the vapor cloud close

te the water surface.

10, The feasibility of conducting a large vapor cloud fire test on
A vory laree body of water should be considered. It is conceivable
that the fire mav not spread through the cloud as rapidly on

water as on land,

For hoth pool and vapor fire tests, further investigation of the role
of heavy hydrocarbons in the radiative character of the fires would be use-
ful tn undervstanding variations in emissive power during the course of pool

fire testy.
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NOMENCLATURE

DESCRIPTION
Band width

Nominal area of the exitting
flame Burtace

calibration constant

P'lanck first constant =

f7e x 107V

’lanck sccond constant =

1.4188 x 1077
Diameter of ool fire
tmissive power ot flarme
Black bolv wrissive pover
Volume fraction of soot

View ractul

Accelceration due to
cratvive

log2 heighe

Average heisht of the
vicibhle tla o

Srectral irradiance

Spectral radiance of
the flare

Spectral radiance of black bod

Spectral abtsorption
ceefficient for <not

Length of ~is.blc¢ plume
of the fire
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SYMBOL.

LB

P

\

NOMENCLATURE CONTINUED

DESCRIPTION
Beam length

Mass rate of burning
per unit arca

Spectral radiance of a
source at wave length X

Partial pressure of specles
in the tire

Thermal flux at any location

Thermal energy radiated in
unit time

Tine

Duration ot spill
Tenperature

Wind speed

vondimenstonal wind velocity
vilecity of pravity sapread
Total volume of spill

Pistance to the radiation
cmitting souice

Total liquid vegression rate

N-2

EQUATION NO.

2.2

5.4

2.4

2.2, 5.3

6.2

2.3, 4.4

5.1

w/m2 BT Wm
atm

W/m

n/8

m/s

n/v




SYMBOL

GREEK LETTERS

a
nax

Lan T = - ]

IOMENCLATURE CONTINUED

j=4
e
=

ESCRIPIION

{
|
|
{

Absorptivity of a specie

Fractional density defoct

Fmissivity
Tilt anple of the flame
axis with respect to

vertical caused by wind

Maximum seml cone angle of
wide angle radiometer

wave number

Wave length

Density

Atmospheric transmissivity

Also used for optical depth
parameter

Transmissivity of radiometer

window

Tranamissivity for wave
1 ceh )

e
Rt S ot

Band width parameter

Alr

Black body

Flame conditions
Incident, initial
lLiquid

EQUATION NO.

2.8

5.5

1/

UNITS

rad

m oY um

kg/m3

cm




NOMENCLATURE CONT INUED

SYMBOL DESCKRIPTION
SUBSCRIPTS _
max Pertaining to the maximum

value Tor the parameter

[ Soot

S Source

v Vapor
SUPERSCRIPTS

Represents the rate of change
of narameter with respect to
time.
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ATFENDIX A

Lo DHE SCANSLAG MICHTISCN INTERFEROMETLR

The princdple ot eperacfon ot this spectrometer - L ared on a multy-~
plexing method,  Conventional spectrometers are base’ on turring a mono-
chromator = using a grating or a prism as a dispersi ¢ element - through
the ramye ot interest and recording the spectrum ‘o sequence. T a multi-
Plex spectrometer, the vhoele range {8 observed simultancously, Much bettoer
stynal-to-a0ise Tattes are thu. ¢hiatned and thi afvantage can be traded
tor speed vt measurement, thus sakiag the fnstrvae s partfcularly usetul
tor taking Apectta ol time-varving sources. In cftect, the spectrum {4
scanned do fast, that the fluctuation ot the source doe s pot have time to

attect the shape ot the recorded spectrum.

The lasstc example ot g multiplex spectrometer (6 the Michelson
faterferometer {n which one ot the retle.tors {s able to move at a steady
shee toin @ series of wmall fumpa, e oan to chanre the Interferometer

nr ftrference ntoa anldorm oral

V.o The clumentary (hweoss of what happens

fs as follows:

Tn Figore A-D e the {ncfdent yadfation have anpliitoude A and wave-
namber L = ] - at the momeoat wher {t o reaches the bear-splitter.  The primary
beam ta divided (oo twe beams, one tranamitted and one re!lected.  After
Paseing along the tw paiths the beams teturn to the beam-splitter, where
the amplituden revombine.  Taking {nto account thedr respective phaires
Tie o the ditferent optical lengths of thedr respective paths. The re-

gritart trancaftted {ntensivy can be shown to be:

1 (L) = « Y ool 4 cos (Um0 (Al)

whete

fo the ditterence {n the lengthe of the two paths traversed by

the two heams through the {nterferometer,

A=)
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Figure A-1: Schematic Representation of a Spctrometer




Thus, the traa.witted intennfioy varies sinusofdall with 4. The
fnienslty andl troquency of this wave are proportional to the intensity

and wave-pnumher of the incident vadiation,

It the input radiation const ts ol a pnumber of different wave-numbers,
cach with {ts own ti.ensitv, the output ot the detector will be a numher
ot cesing waves, cacnh of different amplitude and period, The recording

o1 the detector's output 14 called the fnterferogram,

This ts the core of the multinlex svitem. Hol: of all the radiation
passing foto the instrument 18 (ollected by one detector, and the detector
sipnal can be recorded and precessed ar leifsure. The fnsfrument looks at
all the clements of the spectyum all the time, instrad of dividing {ts

tine equally among the e¢lements.

It there are 8 eleoents in the spectrom the instrument will show an
tastovement of the arder of X {n 1ts sipgnal/noise ratio, as compared to
a s{ngle channel mpectrometer of the same optical throughput, and resol-
ving power. This figure of A {8 tn the general case, where there {8 no
A ariort knowledge of the shape o the spectrun. The gain would be much
lead, for example, {f the spectrum consisted of a s«nmall number of c¢migsion
tines whose porftion was roughly knowr. The stingle channel spectrometer

ar. sxip the parts of the spectrum that are known to be empty, while the
muitiplex wpe trometer must plod on through all the path differences from
0 te the waxinmum. This signal/toise adeantage 18 termed the multiplex
advantage or the Fellgett advantape.

In addition to the multipler advantage (which onlv holds when detec-
to1 noine is the principal ssurce of nofse in the avatem) the Michelson
snectrometer has a large geometrical advantape {n light gathering powet

aver conventional apectrometers uring prisms or gratings,

When viewing an extended source, the power collected by an optical

{nstrument {a:

P e N AL (In watty) (AD)
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where N is the radiance of the source (H/m2 ar) and A 2 is the product of
area and solid angle, an invariant through the optical path from the source
to the detector. This product A [, sometimes called the throughput,

is limited in a conventional spectrometer by the ares of the entrance

slit and by the F-number of the dispersive optics behind it. For given
physical dimensions, a definire upper limit exists on the throughput limi-
ted by the sfze of available gratingas and the aberrations of the collims-
ting optica and for a given resolution, which defines the width of the en-

trance (and) exit slits.

in the Michelson interferometer, on the other hand, the collector area

is limited onlv by the required optical precision and diameters as large

as a few cma are possible. This is many timea larger than the area of a
typlcal monochromator slit. The permissible solid angle 18 of the same
order of magnitude for a Michelson as for a conventional {nstrument -

being governed by substantially similar considerations of optical path
length and aberrations. The result is an advantage of typically a factor
of 100 or more i1 throughput for the Michelson scanning interferometer

over a conventional spectrometer.
2. CALIBRATION OF SPECTROMFTER

The calibration of a spectrometer {s performed by viewing the radiation
frcm o4 standard black body and thereby eatablishing the intensity scale for

the apectrometer's output.

For the spectrometer used in the experiment a2t NWC, the calibration
fn sprctral {atensitv was done in terws of radiant intensity by viewing an

2 and located at

uncollimated black body at 1116 K with an ares of 1.99 cw
0.30 m (1 foot) from the aperture of the apectrometer. The spectrum of the
1116 X black dodv measured during the calibration procedure is shown in
Figure 4.4. The spectrometer used had a 6° (full cone) angle of visw.

A cone of 6° angle subtends a diawmeter of D = 3,2 cma at 0.3048 m distence.
Conaidering that the black body had a nominal diameter of 1.6 cm (ares 1.99
cm:) the calibration source filled about half the diameter of tha field of

view.




The scale fact o tor the spoctral curve (oritnate) {s dete.mined by
comparing the v ak .uectral radlance for the known black body and the out-
put frem the specrrorecer. Usiag (his infermation the actual intensitv of
radiatiin received bv the spectiometer (wouen it was used 236 m away {rom
the tlame) is calculated. The procedure given below indicates the method

of obtaining the ordinate scale for the experimental spectral results.

The apectral radfance (NX) ot a black buiv radiation is given by Planck
14

equat lon (Hortel an! Sarofim, 1487).

N —:_ ——— —— . . —e——
A T 25 C; (AY)
A “[exP (AT)—‘]

where No = Spectral radfance (W/m™ st m) for a black body

P,
)\ = wave length (m)

T = temperature of black body (K)

- 2
C, = Planck's first corstant = 3,74 x 10 16 W o'

. , -2
(', = Planck's sccond constant = }, 4388 x 10 " g K

-
It Is known that the maxiwum spectral radlance at ar. given temperature

f4 given bv:

[4 R

N - 0093 x 107017 WimT st m) (A&}

A, max

and the naximum intensity ocours at a wave length given by:
-y
2.8978 x 10
=TT %
())N Jmax T w) (A5)

For the 1116 ¥ black bodv calibrating snurce, the peak spectral radi-
ance has a value 7.085 x lL)9 U/m: st m, (t.c¢., 7.085 kW/mz st am) and this
occurs at a wave length of 2,597 x 10-6 m. The theoretical black bodv rurve
for 1116 K source {s plotted on Figure 4.4 normalized to the peak {vtangity
being represented by 0.7 apparent units,

{i.2.

Asguming that the spectromeier has the same calibration constant
ocutput signal strength to {nput power) at all wave jengths, the sigual 31
put from the spectrometer can he related 1o the power {nput at any wese

length by:

A=D
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e - C N ‘e di Aa aﬂi LN (A6)
et [ SIS [} i | - 4 [} — L J
Sigual Instrument Rate of Source Solid angle Atmospheric
output conversion vnergy area subtended transuissivity
(say nV) constant emitted (m?) by the 1in- between the
(mV/W) bv the strument source and the
soutve aperture gpectrometer.
(W/w® &) at the
source
(ar)
W note that:
A
d:li - 12
X
8

vhere Al {8 the spectrometer aperture area and X the distance between the
source and the {nntrument aperrare. From the calibration with black hody

source we have, by assuming the atmospheric transmisasivity to be unity,

) -4 2
7.085 wW/a® &7 .m) x 4:(.m) x 1.99 x 10 m
0.7 ordinate = ca, %K /et mrm) x doGm) x 1.99 x 10 @) 7
scale unfts 0. JOLRY (m')
Similarlyv, when the fnstrument {s used in the field we have:
N F
1.9 ordinate “« CA de »:LL‘ . (A8) -
- ) i b . ' °
gl unfta in

tfull svale)

where N f is the spectral radlance of the {lame corresponding to the full

seale.  In this it {s assumed that the same signal strength attenuation was

maintained on the spectyometer output when exposed to the btlack body and

when exposed to the tire. Substituting for the {nstrurwni constant CA’

from equation. A7 into equation A8 and assuming 7;: 1, the apparent rsdiant

intenstty of the tlame represented by the full scale reading fs:

7 .ORS { 236 \ ! -

N . ;- - i.9% i0
/\‘f f511 soale) © 0.7 *1n. 305 x i x 10

= 1210 kW/ar pm

in the (ourse of the actual experipent, it war necessary to change the ﬁ‘ 
attenuation on the instrument so that the data could fit within the phyei-~

cal size of the plot. This was necessary hecavse of the more than expected
upect=al radiance of the flume. Therefore, considering this additional
sttenuat fon, the full scale on the spectral graphs presented should be read as:

= 000
N).f (full scale) 1 kW/ar pm

At




APPESIIL B
STECTRAL CALCULATTONS

Band Data Received by the Spectrometer

1. Calculation . the Emissive Power oi the Flame Using the 4.3 Pm CO,

In this part of the appendix calculations have been mide to obtain the
band absorptivities ani band emissivities of the 4.3rkn COQ. lnowing the
transmitted spectium of the é.lr‘m a4t 236 m, the emissive power of the
flame is calcula. ed.

The general approach to the calculation of the band emissivity and
abgorptivity s s'milar to that indicated by Edwards and Balakrishnan
(1971 .* 1o fact, many of the figures given in their paper are reproduced
here,  The following 1s the sequence of steps for -~alculating the flawme

er{ssaive power.

1. Adsuming a flame temperature the abrorptivity of the 4.3 Mm Cﬂz

band in the atmosphere, for 236 m path length, is calculated.

2. The coerpy received by the spectrometer in the 4.3pam band is
detemined trom the spectral data. This energy is divided by
the black body enerey to ohtain the apjarent eminsivity of the

band.

f 3. The num of apparent emissivity and the atmospheric absorptivity

Rtves the true band emissivity @, ,) at 4.3 Mo band.

L. From the above emisgsivity the vquivalent bandwidth for total

absorption (AY ts calculated at the flame temperature.

S. Using the above fatormation the partial pressure beam length

product for (0, {8 obtained.
“~

6. Noting the ), and H,0 partial pressure-bcam length product and
using Hottel charts, the total gpas emissivity 18 calculated.

To toals {9 alded the scotl emipaivity,

1 7. The total erissivit. times the hlack bodv emissive power pives

the flame enmtssive power.,

Calculation of CO. Band Absc-,.civitv in the Atmosphere

hoatmosphere temperature = 300 K

* The ph}bbé}-hf ‘the caleulation by these authors was to obtain gras emimaivitv
given a temperature, specie composjition and beam length. Our <alculation is
somewhat apposite of this,

B-1




Partial pressure of €O, in the atmosphere = Peo ™ 3.3 x 10-‘ atm

(see Table 4.1) 2
Total path length through the atmosphere = L = 236 m
. -2

Hence, (pm“L)MMMphere 7.8 x 10 " atmm
Optical depth parameter (’?H) for 300 K - 104
from Figure B-1 and lo.3tlm co,

D = Tu (P L 3

(NJC H ( co, )&rw\ = 7-8 x10 (B1)

In the above cquation the pl. parameter should be in the units of
moter atwmosphere.

Value of liune width parameterp from Figure B.2 for 4.3} CO2 band = 0.3
Value of bandwidth parameter €3 from Table B.l for 4.3 CO, band = 11.2 cm

Now,
%
300 -
©@00k) = @ [2] 72 g em!

The equivalent pressure Pe defined by Edwards and Balakrishnan is in
general equal to unity in most cases of practical applications. We now use
Figure B.3, the universal band absorption curve (orresponding to an abcissa

of 1802, the ordinate on the curve 7 = (.3 cannot be obtained. We therefore

use the cquation:
L |
A" = An (7 7’»)4’) +2-m7 (83)

dence A% = 7 14,

Therefore, total hand absorption width

A = A” w = 136.G7em! (24)

-)
The band head fer the 4.3 pm CO2 band is located at f{ = 2410 em .

The specrral intensfty of a black body (‘l‘ b) at this wave number is cul-

culated using the formula:

. e ~ o R e Ll R S S - -

F
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3
. ) ¢ I ,
.{r 5 — —_— JC (kv m/m  sr) (B5)
. 7r K
4 e —— ) -
[exp (=) -]

-1 . .
where K the wave number is {n o and (,1 and ¢, are Planck’'s first and second

constants (Hottel and Sarcotim, 1967, p. 14) given by:

H) J

Coow LA o x 10T W

!

CL.ow 14388 x 1007 m oK

Lsing equatfon By and the absorption bandwidtl obrained froem cquation

B the atmospheric absorpiivity for the 4.3 GG ban! {s calculuted by:

°<4-3= "("b(-r) r(-‘q.nocm') A Eb(.r) (B6)

whe e i-'.b(T\ {5 the nlack Lody emtssive power at temperature T,

The results of these caleulations for several dificerent tlane temperatures

are shown {n Table B, .

Apparent Faiosjon 1rom Cog Band based on ihe Focrgy Recedved by the

Spestrometer trom oo _("’,,' Kand T

Fiyure #.9 shows the apectral data recorded 70 s {nto the burn (Scan
), The line structure bevond abont 4, TfUn i1s due to the water vapor
absorontion baad (at b,é?’f m). The atmospheric transmissivity over a 300 m
path length, for the region bevond 4d.5mm is also shown (Ref. Wolfe, 1965,

p. 253, This attenuation s caused principally by NJO in the atmos-

rhere up to &,65,(:.') ard bevomxd that the water vaper offect {8 dominant.

In order to distingulish between hot €O, emfssion (&,3) and hot H,O
enfsgion (6.47) from the flame, we first plotted the ratio of observe;i
spectral {ntensity divided dv atmonpheric transmissivitv., The resulting
spectral Tine fs8 shown {n Figare B.4 and titled "atmosphere absorption
corrected Ine.”  The 4.3}|m (‘,02 energy emitted from the flame that reaches
the spectrometer 18 then set equal to the hatched area shown in Figure B.4,
Admittedly, there {4 some judgment fnvolved in aasigning the proper amcunt

u! energy teceived to the CO, emission,

B-5 .
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2
Area of hatched part of Figure B.4 = 3.8 kW/m® sr

Therefore, total energy per unit area of flame surface emitted by Q.S’(m

2
Cu, band that is received by the spectrometer = 7rx 38 =11.9 kW/m

Hence,

Fmitted encrgy in the 4.3 ”n band = apparent energyv emitted + ¢nergy WB)
absorbed 1n the band in the
atmosphere

Theretore,

Apparent_energy emitted per unit area

+ 8
Black tody emissive power Atmospheric  (BA)

band aboorptivity

band emissivity =

The result ot applving equation (BR), for varfous flame temperatures
agsumed s shewn {n Table Bo3. The methods of calceculation of various param-

eters shewn fn the table are {ndicated below the table.
DISCUSSTONS

™. . 1 .u‘\:
0 Vv aadiiad

3¢ the snartial osressure of carhon dioxide In the {lame

ien o e g
s oextrenciy sensitive to the value assigned to the energy received by the
spectrometer fn the 4.3 Rm €O, band.  This sensitivity s due to the fact
that the absorpticn bandwidth varies as the logarithm of the optical depth
{n the regron ot our calculations.,  That is the partial pressure (which is
prorertional to the optical depth) varies exponentially with the calculated
band emtssicity (e Note S i Table BoV). Therefore, anv small error that
rvs 1tg in tne estimation of energy received 18 amplified c¢xponentially in
the e-timate ot the 0 partdal pressure.  HBecause of this the partial

presasure tesalts ahoald be analvzed verv careful ly,

The apparent o fsatve power of the 4.3 COZ band is eatimated (from the
eneryy rtecs fred by the spectrowter) to be 11.9 kw/mz. Consider for exam-
ple vhat this {mplies 1f the flame temperature {a 1300 K. The atwospheric
abrorprivity s 0.0040 and therefore the band emissivity 1is 0.1177 (mee
Table B. Y. This lepda to a predicted COZ rartial pressure of 4.31 atm!!
Cliarly tnfs {8 phivetcally upnacceptabhle hecause the ambient oressure is

only one atrnosphere and the tire i« burning in the open. In fact, the

B~
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partial pressure of CO, cannot be larger than the value corresponding to

the stofchiometric combustion of methane and afr. Tois value s PCO: = 0.099
atm. Also the amouat ot ¢Q, that {s convected into the fire by the en-
tratned air is small. Calculations have been made with different (assumed)
flame temperatures. Oulyv fn the case of flame temperature of 1500 K does

the caleulated €O, partfal pressure value occur in the phvsically accept-

able range. Thals temperature s close to the temperatures occurring in

cther hvdrocarbon tucl fiies (Burgess and Herteberp, 1974),

The avaluatico, 0 tiare terperatare i based on the apparent radi-
ance of the 403 am (0] hand.  This s shown {n Fipure B4 by a crossed

)

area. The value of this radiance 5 11,9 kW/n"

There are diftereat tvpes of errors that mav centribute to the {nac-
curacy {n the estimatieon ot «. 3 am band cacrey emftted,  These arise as a
conseauence ot the (1) dmproper chofoe of the upper wave length for the
Q.o am band, (2) uncertainty an the magnitude ot atmospheric absorption
and (0 emiesion, (1) lack o' precise knowledpe of the total area of the
HME

wirhin the vicw of the gpectrometer,

The procecure by which the upper wave length limit of the 4.3 CO2
band was determined has been described {n an ecarlier part of this appendix.
his provedure relted on the atmosphertic transmissiviey data obtained for
G0 m path lencth.  The apes trometer was used at 236 m diatance.) First
of all, only thne rean transmissivity values correaponding to wave lengths
were used; whereas in the actual atmospheric transmissivity, there are
sipgni{flicant (iae structures (sce Wolte, 1965). Secondly, the transmissivity

A

for a 23 m length {o hiyher than for 300 m lenpth., The ordinates for the
Tiae it lel “Atmospere absorption cortecied line' in Flgure B.4 were ob-
talned by dividing :pectrometer outpirrt by atmospheric transminrsivity corree-
ponding to 100 m path.  If the correct transmissivity pertaining to 236 m
path length were 1wed, the crdinate of the atmosphere absorption corrected

Ine will Le lower and hence the estimated apparent cmissive power in the

H-1"
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4.3 Vm band will be lower. Also tnis correction » 1o prodabl - decrease

the posit o ¢f Lo upper band wave leagth resulr ing in a further rveduction
in the area o1 the batched portdon {9 Figure b.4 and hence a lower tlame
enfssive powe: Assuming that the absorptivity in the atmosphere is directly
propostioaal to path length then accounting for 236 m path lenpgth rather

than using the data for 300 @ path length results in gbout 102 reduction in

the apparent emissive power of the 4.3'4m O, band,

The second urvertainty iy the presence CO tn tne fire and the magnitude
of s emfissfon. 0 ity relatively strongly at 4.7’lm; however, fts band-
width {s soall and heoce the energy comitted {6 saall, 1t {s concelvable
that SI‘Lo 105 of the apparent emissive power {8 due to CO emission but
this 48 beinyg interpreted as COJ emfasion because the bands overlap. There

{8 no known wav of resolving the CO and CO, emission from the observed data.

Finally, there 1 some uncertainty introduced in the calculations be-
canse of the lack of precise information on the arca of the flame seen by
the spectrometer,  The axls of the spectrometer was aimed at 3 to 5 m ahove
sp1il point. We have uscd for the caliulations the flame area corvesponding
to the afm & m above water level, 1 the alm was say 5 m above, then the
flame area seen by the spectrometer {s about 5% hipgher thar the nominal
tlame arca used $n our calculations. In that case, the apparent emissive
pewer of the flame will be about 5% lower than indicated in our calculations.
Secondly, wo are using the visible flame arca in our calculations, The
spcctrometer on the other hand in able to see infrared radiation from hot
gases outafde the tlame which mav not radiate in the visible. In this
case aluo the effective flame arca scen by the spectrometer is higher and

hence the effective band emissive power (which power emitted per unft flame

aread of the 4.1 (0, band wili be lower.

The Jtacusrions above {adicate that all of the errors, {f properly
a.counted for tend to reduce the apparent cmissive power of the 4.3 Um

€, band, comparcd to the value indicated {n this appendix, In otiwr words ‘

“

* This 1w oot nevessartlyv a valid assumpt lon for all wave lengths because

of band absoiptions.
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the flame temperature consistent with physically acceptable partial pressure
tor €U, could be lower than 1500 K, It could also mean that the {lame
temperature is 1500 K with excess alr in the fire. There is no way of
obtaining, with tae present data, the correct values for the flame

temperature and the traction of excess afr.

e concluston from toos analvysts {w that the correct temperature

trait should be asetpned 1o the thame is 1500 K and the (TO,, partial pressure

estimated at this terperature Is cqual to the stofchiometric value (0.095 atm).

The use of spectoal data to obratn antormation more preciselv than the

abhove rosults cannot be aceesplished.

<. Caleulatfon ot Total Radfant Fnergv Received at the Position of a

Specific Rndinmou-r l-inu 7(7h’v. v(“h‘nrac(n-rl-.t fes nf the F] ame Determined
by Spec tral ’HL 1

In the first part of this appendix the emissivity of the flame in the
4.3 rm cu) band {s calculated. From this {s inferred the partial pressure
lenpth product for (O, and also for njo. Assuming rhese to represent the
real sftuation in lhvhflnmc and asauming a flame temperature of 1500 K, the
radtant flux recetved by a svecffied wide-angle radiometer is calculated.
This caleulared energy 's cospared with the radiant flux actually weasured
by the radiometer. The procedure for performing thess sets nf calculatione

ita {odicated helow,
The “aleuiatien proceduie consists o the followling ateps:

I. Alculaticn of ¢ffe ('ve path 1enpth for radiant energy hetween
the flame and radfereter. Then using the atmoapheric conditions,

ohrainlng the part{.] vresaure lengrh product for HzO and CO2 in

the « mo- phiere.,




ro

Calonlat! 1 ot band eanissivities of v ious bands of (02 and Hzﬂ
1o, the tiawe tor the gtven flaae emperature .a¢ partial pressure

length product values tor the two specics,

1. Fiom the atronsherdc peth length and temperature, che vand absorptics

for dittereat 1,0 and €O bands are calculated.
4. The view factor betwien the flame and the radlometer {8 calculated.

5. The total encrpy recefved by the radiometer is equal to the sum
ot fndivicual band enfssivity less the atnospheric absorprivity
multiplied by the black body emissive | ewer ane the view factor.
To this s Gdded the seot emfsaton which s assumed to go through

the atrmosphere unat tenuated.,

The calculatfon procedure {n {1lustrated teor o wide-angle radiometer
located ot 40 m from the center of the spfll,  The following couditions

and parameters are assumed:

1. Test &5

2. ASmospher e con it ions
Tomperature = 21°C
Bolative Hanlddey =~ 842
3.0 Mean tloarw bedght (sce Figpure 5.12) w 15 M
S, Steady stade flame diamcter - 13 n
(sce Yipure 5.9)
5. luminous 800t temperature = 156G K
6. Emtssivity of soot (Table 4.4) €y . 0.7,
7. Paridal pressurs lenpth produdct "(PL)H o = 1.83 atw
within the {lame (Tnhle 4.06) J 2
(PL) . ~ 0.914 atm m
O,

.

Calculation of Mean Path Length Through the Atmosphere

The wide-ansle radioneter i1s located lose to the ground level
about 3 m above the base level of the fire. Because of this {t
receives a larger frvaction of energv from the lower portions of the flame.

The energy emftted by the lower flame regions travels through a shorter

B-114
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distance through the atmosphere before reaching the radiometer compared to
the longer distance for the energy emitted from the top of the flame. The
absorption in the atmosphere being dependent on the path length of travel,
the mean absor, tion depends on a energy weighted travel pach. This mean

travel path can be determined approximately by the formula:

X = ig:f -

where f is the fraction of cnergy received by the radiometer from the flame

surfave at distwmcee X. (Igplicit in the above equation is the assumption

thas absorpeivity {rn the atmowphere s proportional to path length.) Now:

2
Tf: ' 4 Cos 6
—— X Z (B10)
wie re 9 fs the angle between the line joining the radiometer element and
s

an area on the flame suarf

{8 assumed to Yo vertical as also {s the axis of the flame).

For our calculation purposes we divide the flame into 3 parts: the
Yase, the mfddle, and the top.  Ghe various path lengths and the angles

are calculated to give:

Distance from the radiometer to the nearest flame surface = 33.5 m

Dictance from the radicmeter to the flame surface at = 46,7 m
mid-hefght

PMlatan ¢ tren the radioncter to the flame surface at the = 73 m
toy
The angles between horfsontal and the lines foining the top of the

flime and middle of the tlaine with the radiemeter are respectively 44.1°

ana 62..71°, Hence, 3
2 Cos 9
X —_ *____ . (B11)
< C(os™ @
“- Fl
x
b, 0.50, 0.0
- 5 ) 46, ! 73
x - ah S « 3/.9m (B12)
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Atmosphe 1c Parital Pressures

I )
Satt =a od WAt Vvunol pressure at 21 0 w 2,52 x 10 7 aem i
Actual water vapor nressure at 54% relative = 0.5%% x 2.52 x 10-2
humidity -2
- 1.36 x 10 atm
, -4 .
Partial pressure of CO, = 3 x 10  atm ©
Henvoe, (PL)” o 11othe atmosphevo - 1.36 x 10—2 x 60 E:
¥
= 0,816 atm m i
(1’11)(\, nthe atmosphere « 0,018 atnmn m }
Aty i
- i
Band Emissivitics and Absorptivities
The band em{ssivitica and absorptivitices are calculated for various %
({mportant) bands of H,0 and CO, by the method indicated by Edwards and §
Balakrishnan (1973). Complete details are not given. The results for %1
i
important bands are shown in Table B-4, i‘
View Fictor §

e s e

The view tactor between a evlindrical flame of hefght 65 m and diameter
13 m and 2 vertical ¢lement on the ground at 40 w from the center is cal-

culated using the formula oresented in the paper by Ral (1977, Appendix).

[ORGHERI
M e i

Y 5 .
Fv (R = 149, R 6.19) 0.0774 gj
v
2 :
Black bodv emissive power at 1500 K = 287.0 kW/m" 31

(Eb)

Hence, the tntal thermal flu: received by the radiometer is given by:

[

9 = EbF [-_és-l' s €, ~ 5."‘,\] (B11) !

4 "
= 287.0 x 0.0774 (0.)4 + 0,449 - 0,203 )

= B8,%8 kWw/m"

1f{ Hottel charts arc used instead of the above band wise calculation, the
et {imated value of heat flux at the position of the radiometer {s:
hal
Q"' e 9.9 kW/m"”

t Using Hottel charts this value {s found to be 0.47.

* Using Hottel charts this value 18 found to be 0.165,

B-15%
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Al PEEDIX U
NLEINTIIONS OF (OMMOR “FRMS AND
VALVES (F_CONSTANTS OCCHKRING_IN
RADIATIVY TRANSFER CALCULATICNS

It s unfortunat: that there exist differences between the termin-
olopies used by Ungineers, Physicists and Spectroscopists to denote an
tdentical physicol quantaty.  We have followed, perhaps hecause of our
engineering hackygrousd the definirions encountered in engineering radi
ative transter analvses.  lowever, woe felr that a cowparative table
tndicating the differences in terminology was essential,  This is piven

in Tahle C-1

The enpineering terms and symbols are taken from the hook by Hottel
and Sarofi~ (1967). The terms used by Spectroscopists and Physicists is
taken from the Handbook of Military Infrared Technology (tditor, Wolfe,
T965Y.  Tre latter are based on the recomaendations of the working

E ]
Croup on Infraved Backgrounds.

The common constants used 1 radiative transfer are indicated in

Tahle v =2

praS.

Report of the “Working Group oo Infrared BSackgrounds, Part 11,
“"Loncepts and Units for the Pre-entation of Infrared Kackground
Information, "Keport #2389-3 ¢ T™e University of Michigan, Ann
Arhor, Michigan, 1956, ADI23 .07,

C-1
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F
TABLE .2
SS;LE COMMON CONSTANTS USED IN RADIATIVE TRANSFER CAL(’.U}.‘A;NE\:\?S
No. Name¢ vf the (onstant Symhol Value Units _Remark:
- . -R 2.4
1. Stefan Boltzmann tonstant a 5.669x10 W/m'K
. -4

2. Planck Constant h 6.626x10 J s

. .. . -1h 2

3. Planck First Constant C 3. 74x10 W om (

1 see  equation
4. Planck Second constant C., 1.4388:(10‘2 m K ( A3
=23
5. Roltzmane Coanstant k 1.3806x10 J/K
R
6. Velocity of Laiht 1o vacue c 2. 99Kk 1N m/s
L]
.V
C-4
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1. RADIOMETER CAlIBRATION DATA

Six radiometers were used in LNG tests 1 through 11 and seven radiom-

eters were used in LNG tests 12 through 17, Two of these are narrow-

angle radiometers and the remainiug are wide-angle radliometers. The

i _—

radiometers ave identified by thedr serial numbers.

All the narrow-angle radiometers were calibrated with sapphire

windows and were used with sapphire windows. The wide-angle radiometers

were valibrated without windows, but were used with different types of

windows, The location of the radiometers wnd the type of windows with 3

which thev were used {n carh experiment are indicated {n Tables 5-4 and ]

oot 3
The radiometers were calibrated with a black body of known temper-

ature.  jo obtain low frradiance, the temperature of the black bodv was

decreased.  In the following pages are given the calibration plots of i

the vadfometers.  Indicated §n cach plot are the radiometer identf{fication

number and the date of calibration. These calibration plots a:ro used in

determining the {ncident thermal flux outside the radiometer window. :
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2. _TRANSMISSIVITY OF RADIOMETER WINDOWS

The narrow-angle radiometers were used with sapphire windows. The
wide-angle radiometers were used with quartz windows in tests 1 through
11 and sapphire windows in tests 12 through 17. One of the wide-angle
radiometers (serial number 56016) was used with an Irtran-4 (ZnSe) window

in tests 13 through 17.

In this section are given the transmissivity of various radiometer

windows as a function of the wave length of fncident radiation.
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). _LNG FLAME SPECTRA, DATA

A series of one hundred and twenty eight (128) fast scan spectra
wvas measured during test #5 {nvolving o pool fire on water., The dura-
tion of cach scan was approximately 0,5 scconds. The gpectral range

-1

scanned wavelengths from 1.5 ,m to 5.5 um with a resolution of 7.7 cm
The data obtained from different scans were reduced at approximately 5
scecond intervals, Starting with the first at 5.4 s after initiation of
fpnition.

The reduced ING flame spectra from 5.4 to 60 at 5 seconds intervals

(twelve spectra) are indicated in the following pages.
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Scan Mo

ENCLOSURE (2)

Tine

(™+)

10.370
15.330
20,289
25.250
30.209
35.169
40.130
45.092
50,055
55.016
59.976

Integrations (w/ster)

105 - 2-6

112717
402645
596079
6138231
483973

476462

902182
787497
662836
551930
19313.7

D-28

2.6 - 4.0

85330.2
287266
351474
361066
331615
387904
546851
519737
544147
446038
348B52.4

4.0 - 5.5

163949
817431
973271 - !
1095500
1184770
1086660
1025270
784476
618732
4113:2
43804

8% 0 sap 0e:
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